NASA /TP—2004-213339

Solar Variability and the Near-Earth
Environment—Mining Enhanced

Low Dose Rate Sensitivity Data

From the Microelectronics and Photonics
Test Bed Space Experiment

T. Turflinger, W. Schmeichel, J. Krieg, and J. Titus
NAVSEA Crane, Crane, Indiana

A. Campbell and M. Reeves
Naval Research Laboratory, Washington, DC

P. Marshall
Consultant, Brookneal, Virginia

August 2004



The NASA STI Program Office...in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this important
role.

The NASA STI Program Office is operated by
Langley Research Center, the lead center for
NASA’s scientific and technical information. The
NASA STI Program Office provides access to
the NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data
and information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but has less
stringent limitations on manuscript length and
extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

* CONFERENCE PUBLICATION. Collected
papers from scientific and technical conferences,
symposia, seminars, or other meetings sponsored
or cosponsored by NASA.

¢ SPECIAL PUBLICATION. Scientific, technical,
or historical information from NASA programs,
projects, and mission, often concerned with
subjects having substantial public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services that complement the STI
Program Office’s diverse offerings include creating
custom thesauri, building customized databases,
organizing and publishing research results...even
providing videos.

For more information about the NASA STI Program
Office, see the following:

e Access the NASA STI Program Home Page at
http://lwww.sti.nasa.gov

e E-mail your question via the Internet to
help@sti.nasa.gov

* Fax your question to the NASA Access Help
Desk at (301) 621-0134

» Telephone the NASA Access Help Desk at
(301) 621-0390

*  Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320
(301)621-0390



NASA /TP—2004-213339

Solar Variability and the Near-Earth
Environment—Mining Enhanced

Low Dose Rate Sensitivity Data

From the Microelectronics and Photonics
Test Bed Space Experiment

T. Turflinger, W. Schmeichel, J. Krieg, and J. Titus
NAVSEA Crane, Crane, Indiana

A. Campbell and M. Reeves
Naval Research Laboratory, Washington, DC

P. Marshall
Consultant, Brookneal, Virginia

National Aeronautics and
Space Administration

Marshall Space Flight Center ¢ MSFC, Alabama 35812

|
August 2004



Acknowledgments

The microelectronics and photonics test bed (MPTB) bipolar experiments would not have been possible, nor the earlier
data analyses performed, without the continuing support of Lew Cohn and the Defense Threat Reduction Agency Radiation
Tolerant Microelectronics program. In addition, Ron Pease, RLP Research, has been involved in this project from the
beginning, and kindly assisted in the editing of this Technical Publication. Jake Tausch, Hugh Barnaby, and Dave Sleeter,
Mission Research Corporation, did a superb job in the design and construction of the bipolar boards, which continue
to function and record data over 5 yr into an anticipated 2-yr mission.

Clive Dyer and Karen Hunter, QinetiQ, and Bernie Blake, Joe Mazur, and Joe Fennell, The Aerospace Corporation,
were all extremely helpful in interpretation and analysis of the data from their instruments, and understanding the radiation
environment of the MPTB. Scott Messenger and Rob Walters, National Research Laboratory, assisted in discussions
on proton displacement damage.

This effort was accomplished with resources provided by NASA’s Living With a Star (LWS) Space Environment
Testbeds (SET) Program.

TRADEMARKS

Trade names and trademarks are used in this report for identification only. This usage does not constitute an official
endorsement, either expressed or implied, by the National Aeronautics and Space Administration.

Available from:

NASA Center for AeroSpace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springfield, VA 22161
(301) 621-0390 (703) 487-4650

i1



TABLE OF CONTENTS

. INTRODUCTION ...ttt ettt ettt e bt e st e bt e st e e bt e sabe e beesaneenbeeeaee 1
. EXPERIMENTAL DETAILS ..ottt sttt st 3
2.1 Orbital INfOrMAtION ..co..eiiiiiiiieiieiie ettt ettt e e esbeesaneens 3
2.2 Transistor Board B ..ot 4
2.3 Linear Integrated Circuit Board A4 .........cccooooiiiioiiieeieeeieeeeee e esee et e e saee e ens 5
. ORBIT AND EXPERIMENT DOSIMETRY ...c.oiiiiiiiiiieieeeete e 8
3.1 Orbit and Radiation ENVIFONIMENT ......cccuiiiiiiiiiiiiiiiienieeieeieete ettt 8
3.2 Radiation Measurement INStrUMENTS ........co.ueiiuiiiiiiiiiiieeiieeie ettt 9
3.3 INtegrated DOSE CUIVE ..cccuueiiiiiiiiiieeeiiiee ettt e e ettt e e sttt e e e sttt e e e sabbeeessssaeeesnnseeeeas 10
3.4 Proton RESUILS CUIVE ....cc.eiiiiiiiiiiieieette ettt sttt ettt e sbe e st e sbeesaneens 12
. BASIC EXPERIMENTAL DATA ...ttt sttt st 13
. SPACE EXPERIMENT INTERFERENCES ..o 36
5.1 OTDIE ettt e h et h e e a bt e bt e e ab e e bt e e bt e bt e et e e nbeeebeen 36
5.2 SYSEIM OULAZES ..eeevveeerieeeiiieetieeeteeeeieeesteeessteeessseeasssaeassseeassseesssseeasseeessseesasseesssseesssseesnsseesns 38
5.3 TEMPETALUTE ..eecuviiiiiieeeiieeeiieeeiee et eeesteeesteeeseteeeaaeeeasaeesseeeassaeeasseeessseeessseesasseeensseesnsseesnsseenns 38
. PROTON DISPLACEMENT EFFECTS ..ottt 43
6.1 Proton Fluence and 1-MeV Neutron EQUIVAIENCE .........cocouiiiiiiiieiiieiiiiecieeeeiee e 43
6.2 Ground Neutron Test Data .........cociiiiiiiiiiiiie et 44
6.3 Comparing Space Data to Expected 1-MeV Neutron Displacement Damage ...........c.ccc........ 45
6.4 DiscussiON and ANALYSIS ..eccvvieiiiieeiiieeiiieeriteeiiee e e et e e e tteeeteeesteeesbeeessbeeesnaeeessseeennseesnnseeens 45
. ANALYSIS OF DOSE RATE EFFECTS ...ttt 47
7.1 Data Mining and Filtering TEChNIQUES .......cc.ceevuiiieiiiiiiiieeeiieeeie et 47
7.2 ANALYSES METNOM ..c.eviieiiieeiie ettt et e et e e e e et eesabeeenseeenneeenaeas 48
7.3 ANalySis OF RESUILS ....coooiiiiiiiiieiie et et e et e e aa e e snseeenseeennneas 48
. CONCLUSIONS ettt ettt e h e et e bt e sab e e bt e eab e e bt e sabe e bt e sabe e beesaneenbeeeane 59

il



TABLE OF CONTENTS (Continued)

APPENDIX A—1998 PAPER ENTITLED “FIRST OBSERVATIONS OF ENHANCED
LOW DOSE RATE SENSITIVITY (ELDRS) IN SPACE: ONE PART
OF THE MPTB EXPERIMENT™ .....cooiiiiiiiiieeeeceee e

APPENDIX B—1999 PAPER ENTITLED “ENHANCED LOW DOSE RATE SENSITIVITY
(ELDRS) OF LINEAR CIRCUITS IN A SPACE ENVIRONMENT” ...................

APPENDIX C—MICROELECTRONICS AND PHOTONICS TEST BED GROUND
TEST DATA ..o e

REFERENCES ...t

v



10.

I1.

12.

13.

LIST OF FIGURES

One of three MPTB PANEIS ...cc.ooiiviiieiiieeiieeee ettt e e e e
MPTB D0Ard B ..ottt ettt
RF25 transistor package in situ bias configuration ............cccecceeeeviveeriiieenieeeriee e e
MPTB board A4: (a) Space side and (b) satellite SIde ........ccecveevvieeriieiniieeee e,
In situ bias configuration for the LM 124 package .........cccceeeeieeviiiieniiieeniieeeiee e
In situ bias configuration for the LM 139 and PM139 packages .........ccoceeriinieenicniieennenne

Dosimetry curves as a function of orbit: (a) Average dose rate per 12-hr orbit,
(b) corrected integral dose curve, (¢c) CREDO proton flux, excluding proton belt
transition flux (indicator of solar activity), and (d) integral total proton fluence .................

(a) I, for COTS and class S LM 124 op amps, (b) total dose, (c) average dose rate,
and (d) proton flux versus total dose. The curves show the average of all the I, data
1 L0) e Ted o1 oV 14 31 PSP SR

(a) Input I for COTS and class S LM124 op amps, (b) total dose, (c) average dose rate,
and (d) proton flux versus orbit. The curves show the average of all I, data
1 L0) e Ted o1 oV 4 31 TSP

(a) Input V¢ for COTS and class S LM124 op amps, (b) total dose, (c) average dose rate,
and (d) proton flux versus orbit. The curves show the average of all Iy data
FOT @ACH PATT LYP .nvveeeiiie ettt ettt ettt e et e e et e e s teeesabeeeesbeeensseeesseeennseeenseesnnneas

(a) I, for LM139 and PM 139 comparators, (b) total dose, (c) average dose rate,
and (d) proton flux versus orbit. The curves show the average of all I, data
1 L0) e Tel o oV 4 0L TSRS

(a) Input I for LM139 and PM139 comparators, (b) total dose, (c) average dose rate,
and (d) proton flux versus orbit. The curves show the average of all I, data
1 L0) e Tel o oV 4 3L PRSP

(a) Input V¢ for LM139 and PM139 comparators, (b) total dose, (c) average dose rate,
and (d) proton flux versus orbit. The curves show the average of all I, data
1 L0) e Tel 0T oV 4 31 R SRPSR

11

14

15

16

17

18

19



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

LIST OF FIGURES (Continued)

L, for COTS LM124 op amp versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 815 and 816) ......ccccveveieieriieenieeeieeeen.

L, for class S LM124 op amp versus satellite orbit. The curves show the I data

for two devices (A and B) within each part (S/N 36 and 37) .....ccccceeverveeeieeeniiieciee e,

L, for LM139 comparator versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 980 and 981) ......ccccceevvriieniieenieeeieeeen.

L, for PM139 comparator versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 876 and 878) ......ccccveevvivieviieeiieeeieeeen.

Input I,  for COTS LM124 op amp versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 815 and 816) ......ccccvveeivieriieenieecieeee.

Input I for class S LM124 op amp versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 36 and 37) .....ccccevvvveencieeeniiieeiee e,

Input I for LM139 comparator versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 980 and 981) .......cccceevvivieriieenieeeieeeen.

Input I for PM139 comparator versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 980 and 981) .......cccceeveivivniieenieeeieeeen.

Input V_ for COTS LM124 op amp versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 815 and 816) ......ccccvveveieiivieiieeeieeeen,

Input V for class S LM124 op amp versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 36 and 37). ....cccccevverieencieeeniieeiee e,

Input V for LM139 comparator versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 980 and 981) ......ccccvvvvvivieniiieenieeciee e,

Input V, for comparator PM139 versus satellite orbit. The curves show the I, data

for two devices (A and B) within each part (S/N 876 and 878) ......ccccvvevviviiriieeieeeieeeen,

L, for COTS and class S LM124 op amps versus total dose. The curves show

the average of all I, data for each part type ..........ccocooooiiiiiiiiiiiii

L, for LM139 and PM139 comparators versus total dose. The curves show the average

of all I, data for each part type ..........ccocoioieiiiiiiiiiiic

vi

20

21

21

22

22

23

23

24

24

25

25

26

27

28



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

LIST OF FIGURES (Continued)

Input I  for COTS and class S LM124 op amp versus total dose. The curves show

the average of all I data for each part type ............cooooveiiiiiiiiiiiiiic

Input I for LM139 and PM139 comparators versus total dose. The curves show

the average of all I data for each part type ............ccoooeiiiiiiiiiiii

Input V, for COTS and class S LM 124 op amp versus total dose. The curves show

the average of all input V¢ data for each part type .........cccocooveiiiiiiiiiiiiii

Input V, for comparators LM 139 and PM139 versus total dose. The curves show

the average of all input V¢ data for each part type .........ccccocooveeiiiiiiiiiiic

Comparison of MPTB space data to ground test data I, for COTS LM124 quad

OP AMP (DICOS24) .ttt et sttt ettt st e e

Comparison of MPTB space data to ground test data I, for COTS LM139 quad

comPArator (DCO530) ...oeeiiiieeiieeeiee ettt e e st e st e e st e e e b e e e aaeeeaaeeenaeeenaeas

Comparison of MPTB space data to ground test data I, for COTS LM139 quad

comMPATAtOr (DCOS522) ..ottt ettt e st e e st e e b e e e eabeeeaseeenaeeenaeas

Comparison of MPTB space data to ground test data input I, for COTS LM 124 quad

OP AMP (DICOS524) ..ttt et sttt sttt s e e

Comparison of MPTB space data to ground test data input I, for LM139 COTS

quad comparator (DCOS530) ...cc.uiiiiiiieieee et e

Comparison of MPTB space data to ground test data input I for PM139 quad

comPArator (DCOS530) ...oieiiiieeiie ettt e tee et e e st e e sib e e e sabeeesnaeeeaaeeenaeeeneeas

Comparison of MPTB space data to ground test data input V,, for LM 124 quad

OP AMP (DICOS524) .ttt ettt ettt st e e

Comparison of MPTB space data to ground test data input V,, for LM 139 quad

comPArator (DCOS530) ...oeeiiieeiieeiie ettt et e et e et e et e e s e e snb e e e naeeeaaeeenaeeenneas

Comparison of MPTB space data to ground test data input V,, for PM139 quad

comPArator (DCOS530) ...oeeeiiieeiieeeiee ettt et ee e tee et e st e e sab e esab e e e naeeenaeeenseeenaeas

Aerospace DSU proton flux at three energies for a portion of one orbit (April 14, 2002):
(a) descending belt transit and (b) ascending belt transit .........cccceeeeveeercieeerieeerieeeriee e

vii

28

29

29

30

31

31

32

32

33

33

34

34

35

37



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

LIST OF FIGURES (Continued)

Aerospace DSU proton flux at three energies over approximately seven orbits.

Even orbits reach higher peak flux, demonstrating even/odd orbit asymmetry.....................

Maximum A2 board temperature recorded each orbit. While the lowest temperatures
mostly represent times when the experiment was turned off, wide temperature variation

does have impact On the eXPETTMENL ........cc.eeeriieeiieeeiieeeiieeeieeeereeesreeesbeeesreeeereesnsneeeaeeas

L, for the COTS and class S LM124 op amps versus satellite orbit. The curves show
the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccoocceeeeiriiiiiiniiieeniiiieeens

L, for the LM139 and PM139 comparators versus satellite orbit. The curves show
the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccooccveeeiriiiiiiniiiieniiieeeens

Input I for the COTS and class S LM124 op amps versus satellite orbit. The curves
show the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccoocceeeeiriiiiiiniiieeeiniieees

Input I for the LM 139 and PM139 comparators versus satellite orbit. The curves
show the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccooccveeeeiiiiiiiniiieeniiiieees

Input V for the COTS and class S LM 124 op amps versus satellite orbit. The curves
show the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccoocceeeiiriiieiiniiieeeiniieeens

Input V_ for the LM139 and PM139 comparators versus satellite orbit. The curves
show the average of all I, data for each part type. The overlaid curve is the ambient

temperature near the board where the parts were mounted .........ccoocceeeeeriiieiiniiieeriniieeens

Integral proton fluence at board A4 as determined primarily by the CREDO instrument ....

Ground-test neutron data, taken in 1996. Slope (m) values determined by linear

LT (S (0] 1 10 3 L A USSR

COTS and class S LM 124 MPTB data and calculated 1-MeV equivalent neutron
damage. Note: This plot is only valid for comparison of expected displacement

damage. It does not imply the space damage is only from protons ...........cccecceeerveerrveennnnen.

viil

37

39

39

40

40

41

41

42

43

44

45



53.

54.

55.

56.

57.

58.

59.

60.

61.

LIST OF FIGURES (Continued)

LM139 and PM 139 MPTB data and calculated 1-MeV equivalent neutron damage.
Note: This plot is only valid for comparison of expected displacement damage.

It does not imply the space damage is only from pProtons ..........ccccceeeeveeerieeeriieeenieeeeeeeennen.

Change in I, with respect to dose for COTS LM124 op amp versus average interval
dose rate for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits .........cccevveivierieeiiieeinieeeen.

Change in I, with respect to dose for LM 139 comparator versus average interval dose
rate for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccevveivieriieinieeieieeeen.

Change in I, with respect to dose for COTS LM124 op amp versus average interval
dose for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccceeveiiiervieinieeciieeeen.

Change in I, with respect to dose for LM 139 comparator versus average interval
dose for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccevveiveiriieiiieeiiieeeen.

Change in I, with respect to dose for COTS LM124 op amp versus average interval
dose rate for relatively constant dose rate orbit intervals. The graph only used data
from orbits where the ambient temperature was between 23 and 35 °C and the interval
accumulated dose was >200 rd. The symbols used to show the data points represent

the interval size as a range Of OTDILS .......ccviiieiiiieiiieeeeee e e

Change in I, with respect to dose for LM 139 comparator versus average interval
dose rate for relatively constant dose rate orbit intervals. The graph only used data
from orbits where the ambient temperature was between 23 and 35 °C and the interval
accumulated dose was >200 rd. The symbols used to show the data points represent

the interval size as a range Of OTDILS ......ceeviiieiiieeiieceeee e e e

Change in I, with respect to dose for COTS LM124 op amp versus average interval
dose rate for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccceeveiivervieirieeenieeeen.

Change in I, with respect to dose for LM 139 comparator versus average interval dose
rate for relatively constant dose rate orbit intervals. The symbols used to show the data

points represent the interval size as a range Of OrbitS ........cccccvveeviiieniiieeniiecree e,

ix

46

50

50

51

52

53

53

54

55



62.

63.

64.

65.

66.

67.

LIST OF FIGURES (Continued)

Change in I, with respect to dose for class S LM124 op amp versus average interval
dose rate for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccceeveiivervieirieeenieeeen.

Change in I, with respect to dose for PM139 comparator versus average interval dose
rate for relatively constant dose rate orbit intervals. The symbols used to show the data

points represent the interval size as a range Of OrbitS ........cccccvveeriiieniiieeniie e,

Change in I, with respect to dose for class S LM124 op amp versus average interval
dose for relatively constant dose rate orbit intervals. The symbols used to show

the data points represent the interval size as a range of orbits ........ccccevveivieriieinieeieieeeen.

Change in I, with respect to dose for PM139 comparator versus average interval dose
for relatively constant dose rate orbit intervals. The symbols used to show the data

points represent the interval size as a range Of OrbitS ........cccccvveeviiieriiieeniie e

Change in I, with respect to dose for class S LM124 op amp versus average interval
dose rate for relatively constant dose rate orbit intervals. The graph only used data
from orbits where the ambient temperature was between 23 and 35 °C and the interval
accumulated dose was >200 rd. The symbols used to show the data points represent

the interval size as a range Of OTDILS .......ccviiiiiiiieiieeeeee e e e e

Change in I, with respect to dose for PM139 comparator versus average interval dose
rate for relatively constant dose rate orbit intervals. The graph only used data

from orbits where the ambient temperature was between 23 and 35 °C and the interval
accumulated dose was >200 rd. The symbols used to show the data points represent

the interval size as a range Of OTDILS ......cccviiieiiieeiiiece e e

55

56

56

57

57

58



1.

LIST OF TABLES

NIEL factors for several relevant PartiCles ..........ccveeriieeriieeiieeeiieeeee e eeee e e

xi



Co60

COTS

CREDO

DTRA

ELDRS

GTO

LPNP

MOS

MPTB

NAVSEA

NIEL

NRL

NSREC

SPE

SPNP

TP

LIST OF ACRONYMS

Cobalt-60

commercial-off-the-shelf

cosmic radiation environment and dosimetry
Defense Threat Reduction Agency

enhanced low dose rate sensitivity
geosynchronous transfer orbit

lateral PNP

metal oxide semiconductor

microelectronics and photonics test bed
Navel Sea Systems Command®

nonionizing energy loss

Naval Research Laboratory

Nuclear Space Radiation Effects Conference
solar particle event

substrate PNP

Technical Publication

Xii



NOMENCLATURE

base current

collector current

input bias current

offset current

slope

base-to-emitter voltage
offset voltage

total dose for a given orbit

corresponding input bias current of the device

xiil



TECHNICAL PUBLICATION

SOLAR VARIABILITY AND THE NEAR-EARTH ENVIRONMENT —MINING ENHANCED
LOW DOSE RATE SENSITIVITY DATA FROM THE MICROELECTRONICS
AND PHOTONICS TEST BED SPACE EXPERIMENT

1. INTRODUCTION

The microelectronics and photonics test bed (MPTB) space experiment was launched in November
1997 with multiple electronics experiments aboard a host satellite that has now completed over 3,700 12-hr
geosynchronous transfer orbit (GTO) revolutions. The MPTB space experiment consists of 24 individual
electronic and photonic device boards integrated into three panels. Most experiments have been successful,
and there are many published results from this experiment.

This study was a detailed analysis of existing MPTB satellite data from one experiment—the
bipolar test board (A4)—Ilooking to improve our understanding of the enhanced low dose rate sensitivity
(ELDRS) phenomenon. NAVSEA Crane and Mission Research Corporation, as a part of the Defense Threat
Reduction Agency (DTRA) ELDRS program, constructed the bipolar test board and collected supporting
ground test data. Over the past several years, extensive total dose irradiations of bipolar devices (hereafter,
referred to as ground-based testing) have demonstrated that many of these devices exhibited ELDRS.!-?
In sensitive bipolar transistors, ELDRS produced enhanced degradation of base current (I), resulting in
enhanced gain degradation, at dose rates <0.1 rd(Si)/s compared to similar transistors irradiated at dose
rates >1 rd(Si)/s. In 1994, several bipolar linear integrated circuits were demonstrated to exhibit enhanced
degradation of input bias current (L), offset current (I ), and/or offset voltage (V,,) when irradiated at
dose rates <0.1 rd(Si)/s compared to similar circuits irradiated at dose rates >1 rd(Si)/s.3->

Until late 1997, ELDRS research had been limited to ground-based testing. The applicability of
ground-based observations to space environments was questionable because of the complex nature of the
space environment and the lack of known system failures attributed to ELDRS. In 1996, an experiment was
initiated to acquire space-based measurements to begin examining the effects of a complex environment
and to compare these data to ground-based data. This experiment was designed to characterize the total
dose response of several bipolar devices during space flight. These RF25 transistors and three types of
bipolar linear integrated circuits—LM124A, LM139J, and PM139Y —were selected as test vehicles. To
accomplish this task, two test boards were designed and built to allow parametric measurements on these
devices while being flown in a highly elliptical orbit in space as part of the MPTB satellite experiment.

After its deployment, the electrical responses of several bipolar transistors and linear circuits have
been, and continue to be, recorded once during every 12-hr orbit. System dosimeters are monitored to
establish an average accumulated dose per orbit. With this information, the electrical parameter data are
correlated with the dosimetry data to determine the total dose response of each device. An initial paper



highlighting the ELDRS boards was presented and published in 1998 (app. A),!0 and a subsequent paper
was presented and published in 1999 (app. B).!! As of this date, the experiment has been in flight for a
period of 5 yr and has accumulated an approximate dose of 45 krd(Si).

For comparison, devices—specifically, linear circuits with the same date code—were irradiated
using Cobalt—60 (Co60) sources, herein defined as ground-based tests. The ground-based tests were used
to evaluate two hardness assurance tests—a room-temperature irradiation test at 10 mrd(Si)/s and an
elevated temperature irradiation test at 100 °C and 10 rd(Si)/s—and to evaluate the ELDRS response.
Irradiations were performed at room temperature (=22 °C) at fixed dose rates of 100, 1, and 0.01 rd(Si)/s,
and at an elevated temperature of =100 °C at a fixed dose rate of 10 rd(Si)/s. Currently, irradiations are
being performed at room temperature at a fixed dose rate of 0.001 rd(Si)/s. Comparing the ground-based
data to the flight data clearly demonstrates that enhanced parametric degradation has occurred in the
flight parts. The two hardness assurance screens predicted ELDRS, but the design margin for the elevated
temperature test may not be adequate.

The Naval Research Laboratory (NRL) constructed the MPTB space experiment. The design and
construction of board A4 was executed by NAVSEA Crane and Mission Research Corporation with DTRA
funding. While the data have been downloaded from the satellite and collected by the NRL, analysis
was up to individual experimenters and not directly funded as part of the MPTB program. The DTRA
funded NAVSEA Crane to analyze the initial data, resulting in two publications in IEEE Trans. Nucl.
Sci.10-11 Tn addition, the DTRA funded an extensive ground test program to complement the space data.
Board A4 is a self-contained analog parametric test system that maintains bias on the test devices and
performs measurements of critical parameters once per orbit. It was the first ELDRS experiment to fly in
space, and its demonstration of ELDRS in a space environment has had a significant impact on spacecraft
development. The experiment contains two variations of an operational amplifier and two variations of a
voltage comparator, described in detail in section 2.

This Technical Publication (TP) provides updated information about the test devices, the in-flight
experiment, and both flight- and ground-based observations. Flight data are presented for the past 5 yr
of the mission and are compared to ground-based data taken on devices from the same date code lots.
Information about temperature fluctuations, power shutdowns, and other variables encountered during
space flight are documented. This work continues to leverage on the existing DTRA program at NAVSEA
Crane in support of ELDRS research.

Comparisons of the flight data to ground-based data irradiated at dose rates of 1 and 10 mrd(Si)/s
clearly demonstrate that ELDRS effects do indeed occur in space and produce enhanced degradation.



2. EXPERIMENTAL DETAILS

Details of the two experimental test boards —the MPTB transistor board B1 and the linear integrated
circuit board A4 —built as part of the DTRA ELDRS program for inclusion on the MPTB are described
in this section.

2.1 Orbital Information

The satellite carrying the MPTB payload was launched in November 1997 and placed in a highly
elliptical orbit with an orbital period of =12 hr. Most of the accumulated dose per orbit occurs when
the spacecraft traverses the proton and electron belts. These belt traversals last =70 min per orbit, or
~10 percent of the total orbital time.

Figure 1 shows one of the three panels of experiment boards that comprise the MPTB experiment.
NAVSEA Crane and Mission Research Corporation built two different experiment boards for the MPTB.
For completeness, section 2 describes the experimental detail on both boards, even though this study only
analyzes the data for the linear integrated circuit board A4. As described in the 1998 paper (see app. A),
only limited data were utilized, primarily due to temperature effects that were very difficult to eliminate
from the data.

Figure 1. One of three MPTB panels.



2.2 Transistor Board B1
2.2.1 RF25 Transistor Board Description

One of the two test boards was designed to characterize the bipolar transistors. A digital-to-analog
output on the motherboard provides the base-to-emitter voltage (Vgg). Onboard resistors allow direct
measurements of the Iz and collector current (I), which are then processed by the motherboard for
subsequent downloading. Vg is swept from 0.1 t0 0.9 V in 0.02-V increments. Iz and I~ are measured at
each voltage increment. This board is designated as B1 on the MPTB experiment. Figure 2 shows transistor
board B1, which clearly highlights the spatial location of the six mounted RF25 transistor packages.

_Temperature
Sensor

Devices
Under

B1 Transistor Board (Space Side) NSWC: wec 6/97

Figure 2. MPTB board B1.

2.2.2 RF25 Process/Transistor Description

The RF25 transistor is manufactured by Analog Devices and was developed for low noise
amplifiers, power amplifiers, mixers, and radio frequency switches that are used in many communication
applications.!0 Test dies from wafer fabrication lot No. 350569.1 contain a large, lateral PNP (LPNP),
a small LPNP, a substrate PNP (SPNP), and a vertical NPN. Dies were mounted in a 14-pin, dual in-
line ceramic package and date coded DC94. The small LPNP and SPNP use a square geometry with an
emitter area of 1.2x1.2 um. The large LPNP uses a square geometry with five parallel emitter areas of
1.2%1.2 um each.

2.2.3 RF25 Transistor Biasing Description

Figure 3 shows the in situ bias configuration for the RF25 transistor package during flight. The sub-
strate is always at ground. The emitters of the PNP transistors have an in situ bias of 2.5 V while the base
and collector are floating. The collector of the NPN transistor has an in situ bias of 2.5 V while the base
and emitter are floating. The bias conditions were determined, in part, by constraints imposed by the test
board and the satellite system, such as size and power requirements.
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Figure 3. RF2S5 transistor package in situ bias configuration.

2.3 Linear Integrated Circuit Board A4
2.3.1 Circuit Board Description

The second ELDRS test board (A4) on the MPTB experiment was designed to characterize the
linear integrated circuits, specifically the LM124A, LM139J, and PM139Y. The onboard op amp and
comparator circuitry allowed three sets of measurements for each circuit, which are then processed by the
motherboard for subsequent downloading. These three measurements are used to calculate the three circuit
parameters: V_, I, and L. The measurement technique is similar to that described in MIL-STD-883,
Test Method 4001.12 The op amp and comparator require slightly different test configurations due to the
different output stages in each circuit type. Figure 4 shows board A4, which clearly highlights the spatial
location of the eight linear integrated circuit packages consisting of four op amp and four comparator
packages mounted along both sides of the board.

2.3.2 Circuit Description

The four LM124A op amp packages are manufactured by National Semiconductor. The two
commercial-off-the-shelf (COTS) packages that have a date code of 9524 were manufactured in Greenock,
UK. The other two packages that have a date code of 9520 are class S-type devices and were manufactured
in Santa Clara, CA. Each LM124A package consists of four independent op amp circuits. I, is temperature
compensated in these devices.

The two LMI139 comparator packages are also manufactured by National Semiconductor,
Greenock, UK, and have a date code of 9530. The two PM139 comparator packages are manufactured by
PMI—now Analog Devices—and have a date code of 9522. Each LM139 and PM139 package consists
of four independent comparators. The input structures of the National Semiconductor LM 124 and LM139
are fabricated using an SPNP and LPNP hybrid structure.
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Figure 4. MPTB board A4: (a) Space side and (b) satellite side.

2.3.3 Circuit Biasing Description

Figure 5 is representative of an in situ bias configuration for the LM 124 package (voltage follower
with gain of 1), and figure 6 is representative of an in situ bias configuration for the LM 139 and PM139
packages (basic comparator with inputs at ground potential). These configurations were selected because
of certain test system constraints, and to define the input bias condition. The inputs were identified as
containing the sensitive structures to be controlled during the experiment. In general, ground test data have
shown these bias configurations produce worst-case degradation in the I, parameter, but not necessarily
worst-case for offset parameters. Preference was given to the I, which was anticipated to degrade a
greater amount.
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3. ORBIT AND EXPERIMENT DOSIMETRY

The radiation environment for the MPTB consists of electrons and protons trapped in the Earth’s
radiation belts, cosmic ray ions—mostly protons, and solar event particles that arrive as the result of
activity at the Sun’s surface. The MPTB is linked to instruments used to measure this environment,
including associated dose appropriate to the expected effects on devices. Because of the dynamics of the
Earth’s radiation belts, solar events can disturb the magnetosphere without directly injecting particles but
which can result in changes in the time arrival and magnitude of particles, so it is important that these data
are available continuously. The MPTB contains three primary radiation environment monitoring systems.
Each experiment board includes at least one metal oxide semiconductor (MOS) (p-channel) transistor
dosimeter, a proton telescope, and a particle detector. These PMOS dosimeters are from a batch of 4,007
test transistors procured for the purpose of developing space dosimeters. They have been flown in space
since the 1970’s.13 Initial data analysis utilized the PMOS dosimeters exclusively, but problems were
found with these data, as will be explained below. A key component of this study has been new analyses by
the NRL of all available data from the MPTB to establish the best estimate of accumulated dose on board
A4. This section explains how data from each of these instruments was used to establish this estimated
dose, and how to determine the proton fluence on the board so possible displacement damage effects can
be examined.

3.1 Orbit and Radiation Environment

The MPTB flies in a highly elliptical GTO. Each orbit is very close to a 12-hr duration; the perigee
is =1,000 km, while apogee is beyond geosynchronous. Nearly 9 hr of the orbit are in deep space, with the
remaining 3.5 hr comprised of a rapid drop to perigee and a climb back to deep space. Thus, the orbital
path transits directly through the inner (proton) and outer (electron) Van Allen belts twice each orbit. As
the spacecraft descends towards perigee, it spends =1 1/2 hr within the belts. It is below the belts for 20
to 30 min as it passes perigee, and then spends a slightly longer period in the belts again as it climbs back
towards apogee. Over the mission life, there has been significant variation in these orbital parameters, due
to details of the orbital mechanics and changes in orbit. As such, the above numbers should be considered
a representative model. Better detail on the orbit can be found in Dyer et al.1#:15

In normal times, when solar activity is low, the great majority of the dose absorbed in each orbit
occurs during descending and ascending belt transitions. The test devices on the MPTB are shielded by an
equivalent of 60—70 mil of aluminum. As such, both electron and proton doses reach the devices. During
a solar particle event (SPE), the spacecraft receives significant doses outside the belts, and the belts may
also be enhanced for a period of hours to many days. The transit through the proton belt is observed clearly
in figure 41 (sec. 5), which shows the proton flux for three different proton energies for part of one orbit
in April 2002. The descending and ascending transitions are not exactly symmetrical, with the ascending
transition taking several minutes longer than the descending transition. Solar activity can also cause wide
variations in dose per orbit through geomagnetic disturbances of the outer electron belts. Depending on
shielding, protons from an SPE may make a small contribution to the total dose.



Inaddition, an asymmetry in particle count between even and odd orbits occurs because of differences
in the tilt and displacement of the Earth’s magnetic field. This difference means that even-numbered orbits
experience more inner belt protons while odd-numbered orbits are more exposed to cosmic rays and
SPEs at perigee.!415 The spacecraft is always fully exposed to cosmic rays when outside the belts. This
asymmetry is not significant to the basic ELDRS experiment, but the even/odd orbit asymmetry caused
problems with some analysis, as discussed further in section 5.

Published data have shown that dose rates >50 mrd(Si)/s do not simulate low dose rate test
data well, with major inconsistencies often reported with the 100 mrd(Si)/s data. During much of the
experiment’s life, the average dose rate has been within bounds of established ground data, but there have
been significant excursions outside the 1-10 mrd(Si)/s window predominately used in ground test. During
the high dose rate periods, the rate of damage should slow. Extremely limited ground data taken at dose
rates <1 mrd(Si)/s indicate that the rate of damage should probably increase, though the required lower
bound to this increase in damage rate has not been established. Examining the impact of these changes on
the parametric data is a prime purpose of this study (see sec. 7).

3.2 Radiation Measurement Instruments

Each experiment board included at least one MOS (p-channel) transistor dosimeter, which is
sensitive to both proton and electron doses. The PMOS devices are test transistors from RCA CD 4007
integrated circuits. These PMOS dosimeters were developed by Leon August, NRL, in the late 1970’s and
early 1980’s and were flown on a number of spacecraft. The dosimeters used for the MPTB are residuals
from that same batch and were packaged at the NRL in that era. The bias method used in orbit affects the
usable life of the PMOS dosimeters. For the MPTB, the board dosimeters are unbiased during exposure to
get the maximum range available. PMOS dosimeter fading, which was noted in earlier analysis of these
data, has been studied. Details can be found in references 16—18. Considering that most of the dose of the
~12-hr orbit time is delivered in a couple of hours or so, except for flare periods, and that the parts are
unbiased, one might well expect =10-percent recovery from the electron dose in each orbit but almost no
recovery from the proton dose.

In addition to the PMOS dosimeters, two instruments flying with the MPTB are being utilized to
provide measurements of the radiation environment at the same time that the radiation-induced changes
and ELDRS measurements are being made on the test devices. One instrument is the cosmic radiation
environment and dosimetry (CREDO) board from Clive Dyer, QinetiQ. The other is The Aerospace
Corporation’s DSU instrument, flying on the same satellite with data from Bernie Blake. CREDO is a
particle coincidence counter using a solid-state detector that measures the flux of protons with energies
>38 MeV and a variable time resolution. As such, it is a particle telescope with a limited field of view.
Electron counts are also established on CREDO when noncoincident counts are observed.!> The DSU
measures proton fluxes in four energy regions and the dose behind several shield thicknesses over a
hemispherical geometry. For this study, the proton fluxes with energies greater than 6.5, 15, and 25 MeV
and doses behind 50 and 125 mil of equivalent aluminum shielding are being analyzed. The dose is
delivered from trapped protons and electrons and solar event particles. These instruments are described in
detail in references 14, 15, 19-32.



3.3 Integrated Dose Curve

As noted above, the PMOS dosimeter data were used exclusively in previous studies of these
MPTB data. Since the PMOS transistor dosimeter characteristics are measured once per orbit—at apogee,
the data have been integrated as proton fluence per orbit or dose per orbit. Intraorbit fluctuations are being
considered because of changes in the spectrum and time delivery of particles as a function of solar cycle
and solar activity. Analyses and correlations of the test circuit parametric changes and the dose and proton
fluence per orbit are provided in this TP. Particle fluence is also being considered because of possible
displacement damage effects in some device types.

The PMOS dosimeter on board A4—the ELDRS experiment—has been nonfunctional in flight.
Data have been used from an adjacent board. This should provide only a small source of error. Apparent
PMOS dosimeter fading was noted in earlier analysis by approximately orbit 2,000, which left questions
of data interpretation. The dosimeters have been shown to respond accurately during periods of relatively
high dose rates but underrespond during periods of minimal dose rate. The PMOS board dosimeters, as
implemented on the MPTB, are not sensitive enough to give accurate orbit-by-orbit dose rate information.
Such an analysis was attempted. The data were averaged and fit to smooth curves and then differentiated,
but these dose rate data were shown to be too noisy to be useful for this analysis.

It was necessary to get access to data from the DSU instrument—a scientific instrument that
provides, besides the particle spectra, dose as a function of shielding depth with a time resolution of about
four per minute. Bernie Blake, The Aerospace Corporation, provided the DSU data for this effort. The
DSU data have been averaged for this work to provide an average dose per orbit. It must be noted that
because of the GTO during periods with no solar activity, most of the dose is provided during short periods
of <1 hr during belt passage. However, during several solar events that have been seen by the MPTB, the
orbit average dose goes up dramatically because dose arrives during the entire orbit period. For this TP,
the PMOS data have been normalized to the DSU dosimeter data, since they provide an additional source
of integral dose. These data have shown dose rates from <10 rd(Si) per orbit to =500 rd(Si) per orbit,
depending on solar activity. Data from these instruments are available as simple orbit averages or dose
and proton flux measured periodically, typically every 15 s, during each orbit. By analysis and correlation
of early orbit PMOS dosimeter data with the data from the CREDO and DSU instruments, the first major
result of this study is a high-confidence integral dose curve for the MPTB board A4.

The corrected dosimetry curves developed for this study are shown in figure 7(a)—7(d). All bipolar
test board parametric data analyses are based on these four graphs. The basic period for data collection on
the MPTB is during the orbit, so figure 7(a) displays the average dose rate per orbit (12-hr period). If these
data are examined statistically, the average dose rate per orbit over these 3,700 orbits is 0.27 mrd(Si)/s,
with a standard deviation of 0.51 mrd(Si)/s. The lowest recorded per orbit dose rate was 0.01 mrd(Si)/s,
and the highest single orbit dose rate was 10.20 mrd(Si)/s. The integral total dose curve is shown in fig-
ure 7(b). As discussed, PMOS dosimeter fading had been observed by approximately orbit 2,000,
which raised doubts about the accuracy of these data that could not be quantified with only the PMOS
dosimeters. While the corrections did not turn out to be large, the new total dose curve, based on all
available instruments, is a crucial result of this study and allows recent orbital data to be presented with
confidence. From the analysis of the dosimetry, the electron-to-proton ratio dose is in the range of 4 to 5
behind the 60-70 mil equivalent shielding thickness found on the MPTB experiments.
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When these data are combined with similar data provided by Clive Dyer, QinetiQ, from the CREDO
instrument, integral proton fluences can also be provided to look at the effects of displacement damage.

3.4 Proton Results Curve

Acurve of proton fluence per orbit from the CREDO instrument, omitting the proton flux accumulated
during the proton belt passes, is shown in figure 7(c). These data are generally a good indicator of periods
of enhanced dose rate due to solar particle events, though the major event that occurred about orbit 600
resulted in few solar protons but had a large dose increase. This event which rapidly accumulated nearly
10 krd(Si) has turned out to be the only major solar event during the MPTB mission where protons did not
dominate, as discussed in detail in Dyer et al.1#:15

The CREDO instrument has been calibrated in the coincidence mode to respond only to protons
>38 MeV. In the singles (noncoincidence) mode, it is also sensitive to high-energy electrons during solar
events.12:20 To develop an integral proton fluence curve for analysis of the ELDRS data, it was determined
that the penetration depth of protons >38 MeV have sufficient penetration depth to assure they will fully
interact with the MPTB bipolar devices on board A4. This makes the coincident CREDO data the best
available source of proton fluence. Figure 7(c) demonstrates that the proton fluence varies by more than
4 orders of magnitude from orbit to orbit. Compilation of these data required some interpolation because
of missing orbits. Since the MPTB experiment continues to collect data, technical discussions will
continue beyond this TP on energy cutoff and allowance for spacecraft shielding. The NRL worked with
Karen Hunter, QinetiQ, to obtain additional data. In addition, the NRL worked with Bernie Blake, The
Aerospace Corporation, to get similar data from the DSU instrument to obtain multiple energy channels.
See figures 41 and 42 in section 5 for sample DSU data. The final proton fluence data are shown in fig-
ure 7(d) and are used to plot I, against proton flux to investigate the impact of displacement damage on
this experiment, as discussed in section 6.
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4. BASIC EXPERIMENTAL DATA

Section 4 updates all existing parametric data from the MPTB bipolar test board (board A4) through
orbit 3719, which occurred on December 4, 2002. The last widely disseminated report of data from this
board occurred in 1999 after orbit 1,100, so this TP represents a major expansion of previously reported
results. Board A4 contains two variations of the LM124 quad op amp—COTS and class S—and two
variations on the LM139 quad voltage comparator —LM139 and PM139. Three basic parameters—1I,;, I .,
and V_,—are measured once each orbit. In this section, the average parametric degradation as a function of
orbit will be shown, and the observed degradation correlated to (1) accumulated dose, (2) orbital average
dose rate, and (3) solar activity as measured by proton flux. Next, the individual device response is shown
for all parts again as a function of orbit. These data are also plotted versus accumulated dose and compared
to ground data.

NAVSEA Crane, as part of the ongoing DTRA ELDRS program, has been downloading and
plotting data from the A4 board since launch in 1997. Extensive analysis was performed in the first 3 yr,
which yielded the 1998 and 1999 papers!0-11 presented at the Nuclear Space Radiation Effects Conference
(NSREC), and published in Trans. Nucl. Sci. (see apps. A and B). Since 1999, data have continued to be
downloaded, but the level of effort was reduced. Only the I, parameter which, as expected, displays the
greatest degradation, was updated. These data have not been widely disseminated. This NASA project has
been leveraged off the ongoing DTRA ELDRS program, and not only updates the data to current times
but also improves the dosimetry from earlier work and attempts detailed analyses of certain aspects of the
data for the first time.

Figures 8-10 show the average parametric degradation (I, I ., and V, respectively) of both the
COTS and class S LM124 parts as a function of orbit. These data are the average response of the four
op amps tested for each type of LM124. Each figure consists of four graphs that share orbit number as
a common abscissa, so the data can be studied in relation to the radiation environment accumulated in
orbit: (a) parametric degradation for the two part types; (b) accumulated dose, as described in section 3;
(c) average dose rate over the 12-hr orbit in millirads per second (mrd(Si)/s); and (d) uses CREDO proton
data where the flux accumulated during the proton belt transitions has been excluded to demonstrate
major solar flare activity over this 5-yr period. Graphs (b)—(d) were shown in figure 7, and are repeated
for each graph, but allow the data to be correlated to its space environment. As might be expected in a
space experiment, there are gaps and apparently anomalous data points on these graphs. One benefit of
this extended study is the ability to reexamine the data set and explore anomalies and the impact of using
an orbital environment for a long-term ELDRS radiation experiment. These interferences are studied and
are reported on in section 5.
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Figures 11-13 display the LM 139 and PM 139 data in the same format used for the LM 124 data in
figures 8—10. The interesting I ¢ response is a function of limits in the range of the test circuit, and will be
discussed in section 4.
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rate, and (d) proton flux versus orbit. The curves show the average
of all I data for each part type.
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Figures 14-25 show the individual response of each device in the four-part groups on the experiment
board as a function of orbit. These individual response data are important to allow the reader better insight
into the range of responses observed in the four individual devices that comprise each part type. The
experiment only collects data for two of the four circuits in each quad package, and there are two packages
for each part type. Each graph displays the data from these four devices. Each circuit is referenced by its
package serial number and “A” or “B” for the individual circuit.

The data for I, for each device type on the board are shown in figures 14—17. Similar data for input
I, are shown in figures 18-21 and input V is shown in figures 22-25. These graphs demonstrate that the
parts in each group are heterogeneous in response, and that the average data used in the rest of this TP is
a reasonable representation of individual part response.
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Figure 14. I, for COTS LM124 op amp versus satellite orbit. The curves show

the I, data for two devices (A and B) within each part (S/N 815
and 816).
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Figures 26-31 show the average response of each of the four part types—COTS LM124,
class S LM124, LM139, and PM139 —as a function of total dose, as corrected by the dosimetry reported
in section 3.

The difference in response in the ELDRS parts —COTS LM 124 and LM 139 —and the non-ELDRS
parts—class S LM124 and PM139—is readily apparent. This response provided first verification that
ground test methods could be used to qualitatively predict ELDRS response in space. Subsequent analysis
and comparison to ground data established that the relationship can be quantitative, as will be discussed.

The repetitive sawtooth pattern observed in the I ¢ data for the LM139 in figure 29 appears to
demonstrate a limit of the test circuitry. For I ¢ to demonstrate this behavior, significant changes would
have to be noted in I, as well, as the two parameters are interrelated. A repetitive sawtooth pattern is
indicative of overranged digital data.

The measurement circuitry on board A4 uses a closed-loop circuit response to provide an indirect
measurement of the actual parametric data. This system emulates the techniques described in MIL-STD-
883, test method 4001.12 In addition, both the op amp and the comparator tests use slightly different
circuitry, as the digital comparator output cannot provide a linear signal in the feedback loop. For this
reason, the comparator I, data cannot be directly compared to the op amp data. For each part type, a
voltage measurement of the closed-loop test circuit is made in three different circuit configurations defined
with five resistors, but only two values, and two relays. From these three measurements, the three desired
parameters are calculated.
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From review of the original test circuitry, it appears that the LM139/PM139 test circuit was
optimized to maximize the range of I data, at the expense of a limited range for I .. Given that I, was
considered to be the major variable, it was a reasonable compromise. The ground data for these parts had
not been completed prior to launch, and the relatively large shift in I ¢ for the LM139 with both inputs
grounded was not anticipated. The ground data, as seen in figure 36, does demonstrate a relatively large
shift similar to space data. It is not known, but doubtful, that the test circuit was exercised to its limits
during construction and checkout.

Thus, it is most probable that the observed I ¢ data for the LM139 is an artifact of an overrange
condition for the test circuit. It is not possible to determine if the large solar event that occurred in orbit
2,499, nearly coincident with this I ; anomaly, also resulted in the MPTB being power cycled twice in
the next 10 orbits could have had any impact on these data. This scenario seems unlikely, as no other data
appear to be impacted, and the PM 139 data, which uses the same test circuit, is unaffected.
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Figure 26. I, for COTS and class S LM124 op amps versus total dose. The curves
show the average of all I, data for each part type.
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Figures 32—40 superimpose ground test data taken as part of the DTRA ELDRS program on the
A4 orbital data for the COTS LM124, LM139, and the PM139. There were no ground test data taken on
the class S LM 124 due to insufficient quantity of parts.

For the I, the ground data at 1 and 10 mrd(S1)/s continues to be a very good representation of the
degradation observed in space, through the current dose of >42 krd(S1). I,y was expected to be the most
important, and the most reproducible, data to be taken on the MPTB, and this has been the case throughout
the 5-yr mission.

Issues arise in the input I ¢ and voltage data. First, there is significant scatter in the ground data.
While the test technique used in both the Eagle tester and the MPTB board may contribute some degree of
scatter, these parameters, when measured in this manner, do demonstrate scatter, and this scatter is highly
dependent on the initial conditions found in each individual op amp or comparator. The slight mismatches
in the differential pairs are amplified and impact the direction and magnitude of the parametric shifts
measured. The graphs in figures 14-25 show that the individual devices on the MPTB also demonstrate
significant variability, comparable to that seen in the ground test data. The comparisons herein are well
within the bounds one can anticipate in data scatter. It is not nearly as easy to directly do the comparison
with these variables, but it is fair to say the space data are well bounded by the ground test data. Also refer
to the discussion in this section concerning test problems in space with the LM139 1 .
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Figure 32. Comparison of MPTB space data to ground test data I
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Figure 33. Comparison of MPTB space data to ground test data I
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S. SPACE EXPERIMENT INTERFERENCES

Prior to this experiment’s launch in 1997, all ELDRS data were ground based. These ground-based
data are taken predominately in Co60 or Cesium—137 cells. As such, the parts are exposed at a constant
dose rate with uniform photon energies and constant temperature—when the experiment is designed
properly. This is a significantly different environment than for a spacecraft. During this study, quantifying
the primary interferences caused by performing an extended low dose rate ELDRS experiment in the space
environment has been attempted. This experiment is particularly sensitive to external interferences, as the
main data collected are low-level (nanoamp) current measurements that must be compared to ground-
based data to fully realize the potential of the experiment.

The MPTB flies in a highly elliptical orbit that transitions the proton belts in each orbit. Thus, one
experimental interference is that the dose rate varies by orders of magnitude within the orbit. Another
experimental interference is that the radiation source is primarily a mix of electrons, protons, and heavy
ions, with limited photons, mostly from secondary reactions of spacecraft materials with the particles.
One reason the bipolar experiment on the MPTB was flown is to verify that the ELDRS effect would
also be observed in the space environment, as some had suggested that ELDRS was merely a laboratory
curiosity. Another experimental interference is the temperature of the experiment board, which varies
significantly during the orbit, depending on the relative position of the Sun and Earth to the experiment.
Finally, since the experiment can be turned off to save power for the primary payload, or when MPTB
problems arise, an experimental interference is the variation in irradiation bias conditions. A significant
benefit to this reexamination of the data from board A4 is to be able to better assess the impact of these
various interferences that occur when flying a total dose experiment in Earth orbit as a guest on board a
satellite with a separate prime mission.

5.1 Orbit

The MPTB orbit was described in section 3.1. The transit through the proton belts is observed
clearly in figure 41, which shows the proton flux from the DSU instrument for three different proton
energies for part of one orbit in April 2002. The great majority of the dose absorbed in each orbit occurs
during the two belt transitions. The descending and ascending transits are not exactly symmetrical, with
the ascending transition =6 min longer than the descending transition. In addition, an asymmetry between
even and odd orbits can be observed. This even/odd asymmetry can be observed in figure 42, which shows
the same DSU data displayed in figure 41, but over a period of about seven orbits. The peak proton flux is
clearly higher every other orbit. Neither of these asymmetries is significant to the basic ELDRS experiment,
but the even/odd orbit asymmetry did cause problems when attempting to utilize periods of relatively
constant dose rate to examine dose rate effects, as will be discussed in section 7. These basic facts were
known prior to launch, but this analysis better quantifies the difference between this space experiment
and ground testing. All low dose rate ground testing has been done in Co60 cells at a constant dose rate,
usually either 1 mrd(Si)/s or 10 mrd(Si)/s. As will be shown in more detail in section 7, for the MPTB,
the average dose rate per 12-hr orbit usually varies between 0.1 mrd(Si)/s and 5 mrd(Si)/s, with brief

36



100,000
10,000 |-rovoerieoeenne s BLLE AN
->0§ :
< 1,000 - =>15 1
= 526 |
L :
=
= : : : : :
a 100 - : ........ .
10 4 _; ......................... R ',
L é“"
1 1 1 i 1 1 1 1 1 1 1

1929.36 1929.37 1929.38 1929.39 1929.4 1929.41 1929.42 1929.43 1929.44 1929.45 1929.46 1929.47 1929.48

UT (Day From January 1, 1997)

Figure 41. Aerospace DSU proton flux at three energies for a portion
of one orbit (April 14, 2002): (a) descending belt transit
and (b) ascending belt transit.

100,000

10,000

1,000

100

Proton Flux

10

1 : : : : : : :
103 1035 104 1045 105 1055 106 1065 107
UT (Day in 2002—103=April 13)

Figure 42. Aerospace DSU proton flux at three energies over approximately
seven orbits. Even orbits reach higher peak flux, demonstrating

even/odd orbit asymmetry.

37



excursions to higher average levels during solar events. However, if most of the dose accumulates within
the belt transitions, the average dose rate during the belt transitions would average from 1.2 mrd(Si)/s to
60 mrd(Si)/s. Published data has shown that dose rates >50 mrd(Si)/s do not simulate low dose rate test data
well, with major inconsistencies often reported with 100 mrd(Si)/s data. In either scenario, during much of
the experiment’s life, the average dose rate has been within bounds of established ground data, but there
have been significant excursions outside the 1-10 mrd(Si)/s window predominately used in ground test.
During the high dose rate periods, the rate of damage should slow. Extremely limited ground data taken
at dose rates <1 mrd(Si)/s indicate that the rate of damage should probably increase, though the required
lower bound to this increase in damage rate has not been established. A prime purpose of the dose rate
analysis done in section 7 is to quantify these effects in support of suitable test method development.

5.2 System Outages

As stated earlier, the MPTB is a guest on a host satellite, which has a prime mission unrelated to
the MPTB. Our role as guest does not permit interference with the prime mission. One particular problem
relates to details of the GTO flown. During some periods, the satellite spends the majority of its time in
the Earth’s shadow. During these periods, available system power is greatly reduced. In some cases, no
data were read (this activity increases power consumption significantly), and in other cases, power was
turned off completely. Gaps in the data were known about since downloading started, but it was thought
that they were interruptions in test sequencing, not power cycling. Only during this study was verification
made that experiment bias was removed in some instances. Since experiment bias is carefully maintained
during ground test, it is not easy to quantify what effect this power cycling may have on the data. However,
most ELDRS ground tests are done in a step-stress manner, with power cycled during the test sequence,
with no noted ill effect. In addition, the comparison to ground test data demonstrates a lack of effect on
the experiment. This is a result of the fact that, for some parameters, such as L, there is little difference
between degradation for the biased and the all-leads grounded bias conditions. Significant differences are
likely to occur for biased and unbiased irradiation for offset parameters such as V.

5.3 Temperature

Figure 43 shows the maximum temperature recorded on board A2 as a function of orbit. The
temperature sensor on board A4 is not functional. While these readings are not necessarily synchronized
with the data recording made on board A4, the error should be relatively small. The 40 °C range shown is
significant to the parametric data of this experiment. I, is a function of chip temperature, with I, increasing
with temperature. In addition, the measurement system was not characterized over this temperature range
and could be an additional error source. Much of the measurement circuit is on board A4, but the analog-
to-digital converter is a system function, and may be in a more temperature-sheltered location. A lesson
learned for future space experiments is to characterize both the device under test and the measurement
system as a function of temperature prior to launch. To visually correlate temperature effects to the data,
this temperature curve is overlaid with device data in figures 44 through 49. As the temperature effects rise
and fall in a somewhat cyclical manner, the net effect on overall shape of the total dose curve is probably
minor. However, the impact during short time periods is of consequence, and did impact the attempts to
look at dose rate effects. This impact is explained in section 7.
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Figure 43. Maximum A2 board temperature recorded each orbit. While the
lowest temperatures mostly represent times when the experiment
was turned off, wide temperature variation does have impact on
the experiment.
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Figure 44. I, for the COTS and class S LM124 op amps versus satellite orbit.
The curves show the average of all I data for each part type.
The overlaid curve is the ambient temperature near the board where
the parts were mounted.
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Figure 47. Input I, for the LM139 and PM139 comparators versus satellite
orbit. The curves show the average of all I, data for each part type.
The overlaid curve is the ambient temperature near the board where
the parts were mounted.
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orbit. The curves show the average of all I, data for each part
type. The overlaid curve is the ambient temperature near the board
where the parts were mounted.
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6. PROTON DISPLACEMENT EFFECTS

In addition to total dose-induced degradation of the test devices, including the ELDRS, bipolar
circuits are also susceptible to degradation by displacement effects, which reduce the minority carrier
lifetime. Where photons and electrons will primarily deposit charge in the device, protons and neutrons
also have sufficient mass to displace atoms in the crystal lattice of the semiconductor when a direct
collision occurs. One question about this MPTB experiment that has not been previously addressed is the
ratio of displacement damage to ionizing damage in the space data from the MPTB. In this section, the
equivalence of the space environment proton fluence to a 1-MeV neutron fluence and the damage expected
to occur in a 1-MeV equivalent neutron exposure using ground data will be estimated and compared with
the MPTB data.

6.1 Proton Fluence and 1-MeV Neutron Equivalence

The proton flux per orbit and integral proton fluence was compiled for the location of board A4
on the MPTB experiment as part of the dosimetry study performed by the NRL. These data have been
reported in section 3. The integral proton fluence curve is repeated in figure 50. To compare these data to
ground neutron data requires an estimate of damage equivalence between the two environments. This is
done using nonionizing energy loss (NIEL) for the various particles. The CREDO instrument has been
calibrated in the coincidence mode to respond only to protons >38 MeV. In the singles (noncoincidence)
mode, it is also sensitive to high-energy electrons during solar events.!?20 To develop an integral proton
fluence curve for analysis of the ELDRS data, it was determined that the penetration depth of protons
>38 MeV have sufficient penetration depth that assures they will fully interact with the MPTB bipolar
devices on board A4. This makes the coincident CREDO data the best available source of proton fluence.
Table 1 lists NIEL factors for several relevant particles.
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Figure 50. Integral proton fluence at board A4 as determined primarily
by the CREDO instrument.
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Table 1. NIEL factors for several relevant particles.

Energy and Particle | Nonionizing Energy Loss

1-MeV neutron 2.04x1073 (MeV-cm?2/g)
30-MeV proton 4.78x1073 (MeV-cm?/g)
50-MeV proton 3.88x1073 (MeV-cm/g)

The space proton environment is comprised of a wide spectrum of proton energies. Thus, the NIEL
factor is an estimate that can represent a given spectrum. The 30- to 50-MeV range is considered a good
estimate of the protons that cause the majority of damage to the MPTB boards. On this basis, the NIEL
for the space protons is approximately 2x that of 1-MeV neutrons. To compare the MPTB data to ground
neutron data, the proton fluence is reduced by a factor of 2.

6.2 Ground Neutron Test Data

The Naval Surface Warfare Center performed a limited neutron characterization of the MPTB
devices in 1996. These data, along with Co60 and proton data, have not been previously published, and
are included in appendix C.

The average neutron responses of these devices are plotted in figure 51. The LM139, PM139,
and COTS LM124 consisted of four test packages for each part type. Each package contains four circuits
and each circuit has two inputs. Therefore, the average given for these device types represents a total of
32 measurements at each neutron level. The class S LM 124 consisted of three test packages for a total of
24 measurements averaged.
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Figure 51. Ground-test neutron data, taken in 1996. Slope (m)
values determined by linear regression fit.
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Figure 51 shows that the displacement damage on the LM139 is the most severe, followed by the
class SLM124,PM139,and COTS LM124. If alinear regressive fitis performed, a first-order approximation
of the displacement damage slope for each of these devices can be determined. The LM 139 exhibits 1.65
nA of change per 100 neutrons. Class S LM124 exhibits 0.94 nA per 100 neutrons, the PM139 exhibits
0.58 nA per 1010 neutrons, and the COTS LM 124 exhibits 0.6 nA per 1010 neutrons.

6.3 Comparing Space Data to Expected 1-MeV Neutron Displacement Damage

L;;, is the most sensitive parameter for the four MPTB part types and will be used to examine the
ratio of displacement damage to ionizing degradation. Using the NIEL factor as described above, the
MPTB space data for the four part types can be plotted as an approximate function of 1-MeV neutron
equivalence. These curves assume that 100 percent of the damage is caused by displacement, and must
only be used for comparison purposes. The estimate for neutron damage is overlaid on the space data.
These curves are calculated based on the slope of the neutron data, as described above.

6.4 Discussion and Analysis
By determining an approximate 1-MeV neutron equivalence for the space proton spectrum, and

extracting a linear rate of damage from ground neutron test, direct comparison of the two data sets has
been made in figures 52 and 53.
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Figure 52. COTS and class S LM124 MPTB data and calculated 1-MeV
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comparison of expected displacement damage. It does not imply
the space damage is only from protons.
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It is clear for three of the device types —COTS LM124, class S LM 124, and LM 139 —that the space
damage significantly exceeds the damage that would be expected from displacement damage alone. For
these devices, the majority of the recorded degradation can be attributed to ionization, not displacement
damage.

The PM139 has shown little effect from its 5-yr exposure, with a total degradation of 1-2 nA in
this period. This compares favorably with the expected damage from displacement, but the magnitude of
change is negligible. If any ionization damage has occurred, it appears to have annealed within the interval
of measurements (12 hr). These PM 139 data do provide an indication of very good stability in the board
A4 test circuitry over a 5-yr period in space, which is significant in itself.

From this analysis, ionization appears to be the dominant damage mechanism for this experiment.
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7. ANALYSIS OF DOSE RATE EFFECTS

Two of the most pressing questions in the continuing study of the ELDRS effect are the best dose
rate at which to perform low dose rate ground tests, and an accelerated test method to avoid the distress
and cost of low dose rate testing. The MPTB space experiment cannot address the accelerated test method
issue, but has already made a significant impact on the effectiveness of low dose rate testing. As shown in
figures 32—40, independent of all interferences encountered in the space environment, the low dose rate
ground data (both 1 and 10 mrd(Si)/s) provide an excellent representation of the damage encountered in
space for these device types.

As observed in these plots, the 1 mrd(Si)/s data usually show slightly more degradation than the
10 mrd(Si1)/s data. Research has also shown that the ELDRS effect is greatly diminished between 50 and
100 mrd(S1)/s, and usually not observed by 1 rd(Si)/s. Finally, it has been suggested that some part types
degrade even more when the dose rate is reduced significantly below 1 mrd(Si)/s.

These results imply that a generalized ELDRS response curve exists. In this curve, the rate of
degradation is lowest—and hopefully nearly constant—above 1 rd(Si)/s. The rate of degradation increases
as the dose rate is reduced, with a rapid increase between 100 and 10 mrd(Si)/s, and then a very slow
increase to somewhere below 1 mrd(Si)/s. At some dose rate, evidently well below 1 mrd(Si)/s, the rate
of degradation must level and then reverse, or in the limit of increasing damage for lower and lower dose
rates, a single photon would cause infinite damage, which is not the case. The dose rate curve of fig-
ure 7(a) demonstrates that on a 12-hr orbit average, the dose rate observed in the MPTB has varied from
<0.1 mrd(Si)/s to =10 mrd(Si)/s. If intervals of time exist where the dose rate is relatively constant, and
sufficient dose is accumulated so the test circuitry can resolve the damage to the parts consistently, it
should be possible to analyze the impact of dose rate on these parts in a manner that is not practical with
ground data.

A significant portion of this study has been devoted to analysis of dose rate effects within the
MPTB data set. This section gives these results with the data from board A4 of the MPTB.

7.1 Data Mining and Filtering Techniques

Data mining techniques were used to analyze the MPTB experimental data for the LM139 and
PM139 comparators and the COTS and class S LM124 op amps. The study was limited to the I, parameter,
which exhibits the largest parametric change, and concentrates on the COTS LM124 and LM139. The
non-ELDRS sensitive class S LM 124 and PM139 are also examined, but in less detail, as the degradation
is limited.

The first goal was to identify consecutive orbit intervals that received a relatively constant dose
and then use those orbits within each interval to calculate the change in the device parametric values
between orbits with respect to the total dose. The calculated values for AL /dose of each interval were
plotted versus the interval dose rate. Also shown in the various graphs are the effects of temperature,
interval size, and interval dose.
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There were three different sets of data used for the analyses: (1) Dose per orbit data that had been
interpolated for the A4 test board on which the op amp and comparator parts were mounted, (2) device
parametric measurements taken once per orbit, and (3) the part’s ambient temperature per orbit. Data were
missing for many orbits throughout the test period and the missing data for each data set did not always
occur at the same orbit numbers. The data were stored in Microsoft® Excel spreadsheets and analyzed
with routines written in Microsoft® Visual Basic® for Applications.

7.2 Analyses Method

The first step was to search the dose per orbit data to identify consecutive orbit intervals where the
dose rate was relatively constant. As described in section 5, a space experiment has several interferences
when compared to ground tests. It was demonstrated that these interferences have only a small impact on
the accumulated dose data. However, when looking for relatively small intervals, the impact of the orbit,
the even/odd asymmetry, temperature, and missing data make data selection quite difficult. Criteria were
established to qualify the constant dose orbit intervals. Many trial orbit screenings were run with multiple
sets of different criteria limit values in order to come up with the best compromise between finding the
largest constant dose intervals and having a sufficient number of qualifying intervals for meaningful plots.
In the end, the following criteria and limits were identified as the best possible and used for this analysis:

(1) The maximum deviation of the dose rate for any orbit within an interval must be within
20 percent of the median of all interval orbit dose rates. The program went through an iterative process of
recalculating the interval median and orbit deviation with the addition of each new orbit.

(2) Because missing orbit data would disqualify many sections of otherwise usable data, the
following criteria were used for allowing orbit gaps: dose rates of <20 rd per orbit were allowed five orbit
gaps, 20-50 rd per orbit were allowed three orbit gaps, and dose rates >50 rds per orbit were not allowed
any gaps. The allowable orbit gap sizes were scaled with respect to the calculated dose rate of the interval.
Lower dose rate intervals were allowed larger orbit gaps.

(3) The interval must meet a minimum orbit count. It was desirable to maximize the size of the
intervals to improve the confidence in the calculated value of AL, /dose. The best value for this criterion
was determined to be seven orbits.

The next step was to match the qualifying orbits to the corresponding orbits for the parametric data
of each device type; parametric data are missing for some orbits where dose data exist. A criterion was
established that a minimum of six orbits of parametric data had to exist within the seven-orbit (minimum)
dose interval in order for the interval to qualify. Again, the idea was to assure a reasonable number of
orbits in the interval to calculate AL /dose. The Al /dose for each interval was determined by using the
Excel linear regression function for calculating the slope of a set of x and y data points, where x was the
total dose for a given orbit and y was the corresponding I, of the device.

7.3 Analysis of Results

The filtering techniques described above led to encouraging results, but there was more scatter in
the results than desired, and there were no dose rate intervals identified greater than =3.5 mrd(Si)/s. To
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avoid data overload, only the COTS LM 124 and LM 139 devices will be discussed at first, followed by the
class S LM124 and PM139.

The results of the data mining process are presented in several stages to best explain the data and
their value:

(1) In the first graphs, the calculated values of AL, per dose are plotted versus the interval dose
rate. This is the result of the filter criteria discussed above. The unit of dose per orbit was converted to
millirads per second, and the ordinate is AL in units of picoamperes per rd(Si).

(2) The AL /dose was plotted versus the accumulated interval dose. This is a quasi-second derivative
done to look at the average absorbed dose needed to achieve consistent results from the test circuitry of the
MPTB. To further reduce scatter, the next set of graphs show the effects of filtering the resultant data by
first eliminating any data where the ambient board temperature was outside the range of 23 to 35 °C and
then eliminating data where the accumulated interval dose is too low for consistent tester resolution.

(3) Finally, in an attempt to extend the range of observed dose rates, even if confidence in the data
is lower, data were hand extracted from the one or two orbit intervals that occurred during the largest solar
flares.

7.3.1 COTS LM124 I, Versus Interval Dose Rate

A very different method for representing the data set is used in this section. For short orbital
intervals, the first derivative of the degradation curve of the I for each part is taken, and the rate of
degradation of the parameter as a function of the average dose rate of the space environment during that
interval is plotted. Thus, while earlier analysis looked at the data set in the context of the entire mission,
this analysis looks at short time intervals, and must consider short time effects that have been shown to
average out in the long time interval. The purpose is to see if there is information available within the data
set that can aid in development of a test methodology for ground testing ELDRS parts. If the concept of
a generalized ELDRS response curve in the low dose rate regime of 1-10 mrd(Si)/s is considered, one
would expect a fairly constant rate of degradation. Perhaps the rate will increase slowly as the dose rate
decreases, as has been observed in many ground tests. From the extremely rare ground data that exist
at dose rates <1 mrd(Si)/s, it appears the rate of degradation will continue to increase as the dose rate is
reduced. At some dose rate, this trend must reverse, but this has never been observed in any ground test.

In this data mining process, the goal was to isolate intervals of relatively constant dose rate and
attempt to observe (1) a relatively constant rate of degradation in the 1-10 mrd(Si)/s regime, (2) the
increased rate of degradation for some range of lower dose rates, and (3) if lucky, a reduction in the rate of
degradation at some higher dose rate. It was hoped that, for some short intervals, there might be data in the
50 mrd(Si)/s region, but such data does not exist in this data set over the 12-hr orbit collection interval.

When the filter rules described above were applied, the data shown in figures 54 and 55 for the

COTS LM 124 and LM139 devices, respectively, result. From about 1 to 3.5 mrd(Si)/s, the data are indeed
fairly constant, as hoped. While there are many intervals in the low dose rate region, there is also a large
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Figure 54. Change in L) with respect to dose for COTS LM124 op amp
versus average interval dose rate for relatively constant dose
rate orbit intervals. The symbols used to show the data points
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Figure 55. Change in I, with respect to dose for LM 139 comparator versus
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intervals. The symbols used to show the data points represent the
interval size as a range of orbits.

scatter in this range of the data. Some indication of an upturn in the rate of degradation is observed, but
there are also points to counter this possible result. If the source(s) of this scatter are not isolated, no
conclusions about the low dose rate region could be extracted. Additional filtering criteria were required.
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7.3.2 Parameter Versus Interval Dose

Any test circuit has a limit of its resolution. When collecting data over a long time interval, such
as is done on board A4, the long-term average pattern is very good. However, in small intervals, many
variations in the data are observed. This has little impact in the long term, but can have significant impact
when looking at the short interval. Some readings had a positive slope and had been eliminated. The
immediate question was, in how small an accumulated dose interval could the test circuit reliably resolve
degradation in the part.

To investigate this, the same data intervals shown in figures 54 and 55 were plotted against the
dose accumulated in the interval. This represents a quasi-second derivative, where the rate of degradation
is compared to the accumulated dose, not the average dose rate of any given interval.

The results, shown in figures 56 and 57, are encouraging. When the interval was at least 300 rd(Si),
the rate was quite consistent, with few outliers. At intervals down to 200 rd(Si), minor scatter is observed,
but the trend is still good. For intervals with <200 rd(Si), the scatter is significant. It is worth reminding
the reader that while figures 56 and 57 look very similar to the earlier graphs, the graphs serve an entirely
different purpose.

The result of this experiment is that any interval where <200 rd(Si) was accumulated is now
considered to be below the limit of the test circuit resolution.
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Figure 56. Change in I, with respect to dose for COTS LM124 op amp
versus average interval dose for relatively constant dose rate
orbit intervals. The symbols used to show the data points
represent the interval size as a range of orbits.
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as a range of orbits.

7.3.3 Parameter Versus Interval Dose Rate (for Internal Total Dose >200 rd and Limited
Temperature)

The goal remains to see if this experiment can yield further clues about the shape of the response
curve for these parts, and potentially impact ground test methodology. The 200 rd(Si) minimum dose per
interval rule just established reduced scatter significantly, but some remained. A parameter that had not
been considered prior to this project was the board temperature. As described in section 5, a temperature
curve for the boards was recovered. There is significant variation—approximately 0 °C to over 40 °C.
Temperature is a known factor in the measurement of L, , but to the best of our knowledge, neither the test
devices nor the test board were temperature characterized prior to launch. Given this fact, the only plausible
course was to further limit the data by the recorded temperature during the interval. Experimentation
resulted in a usable temperature range of 23 to 35 °C, and this filter was also applied to the data. With no
prior temperature data available, this range gave the most reasonable results.

The final results are shown in figures 58 and 59. While there are, unfortunately, few intervals left
within the rules developed, those do still produce interesting results. The COTS LM 124 does indeed show
a slight increase in rate of degradation as the dose rate is reduced. All data points indicate a rate greater
than the average observed at 100 rd(Si)/s. This trend—with one outlier—continues below 1 mrd(Si)/s to
the minimum dose rate of =0.6 mrd(Si)/s. There is insufficient data to estimate if the rate of degradation
has reached a maximum, but there is not a reversal in the rate of degradation noted at the 0.6-mrd(S1)/s
point. The LM139 data show a very consistent rate of degradation—between 8 and 9 pA/rd—with one
outlier over the entire dose rate range. Again, this is well elevated over the 100 rd(S1)/s average rate.
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Figure 59. Change in I, with respect to dose for LM 139 comparator versus
average interval dose rate for relatively constant dose rate
orbit intervals. The graph only used data from orbits where the
ambient temperature was between 23 and 35 °C and the interval
accumulated dose was >200 rd. The symbols used to show the
data points represent the interval size as a range of orbits.
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7.3.4 Parameter Versus Interval Dose Rate With High Dose Rate Data Added

From a viewpoint of helping define ground test methodology for low dose rate test, the fact that
no interval was found with an average dose rate >3.5 mrd(Si)/s was disappointing. When one looks at the
average dose rate per orbit, first shown in figure 7(a), there are four periods in the flight where the average
dose rate approached 10 mrd(Si)/s. However, these occurred for only one or two orbit intervals. Since the
time the measurement was made with the onset of the flare event that caused this could not be equated,
it is difficult to consistently extract data in the same manner used for the longer intervals. However, the
importance of 10 mrd(Si)/s ground test data is sufficiently high to attempt hand extraction of data for these
few high dose rate intervals. The orbits were isolated, but there was only one interval where both dose rate
and parametric data were available. These data were fit, and the results are shown in figures 60 and 61.
Even though this extraction technique is considered less reliable than for the larger intervals, for the new
data point (=9 mrd(Si)/s) for both part types, it does fit with the other data very well. This provides a strong
reinforcement to the validity of using 10 mrd(Si)/s ground data to estimate space degradation.
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Figure 60. Change in I, with respect to dose for COTS LM124 op amp
versus average interval dose rate for relatively constant dose
rate orbit intervals. The symbols used to show the data points
represent the interval size as a range of orbits.

54



1,000 -
Orbits per Interval
@ <10 Orbits
100_ ..................................................................................................... M 11-15 Orbits -
= 4 16-20 Orbits
7 ¥ >20 Orbits
§ 10 H
i J DO ® ‘y.‘, ............................ AO ....................
@ Average 100 rd(Si)/s Data)
é 1 P e e R R R R S i S S i R i s ch e b .".'.'.".-..'."!.'?'.'.'.".'.'.'.';'.-..'.-...-Z'.T'.'.'.-..f'.'.lf.:'.'.!
T ®
0. e e
001 T T T 1
0 2 4 6 8 10

Figure 61. Change in L, with respect to dose for LM 139 comparator versus
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average interval dose rate for relatively constant dose rate orbit
intervals. The symbols used to show the data points represent
the interval size as a range of orbits.

7.3.5 Class S LM124 and PM139 Data

Figures 62-67 duplicate the results shown above for the class S LM124 and PM139 for these

part types.
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Figure 62. Change in I, with respect to dose for class S LM124 op amp

versus average interval dose rate for relatively constant dose
rate orbit intervals. The symbols used to show the data points
represent the interval size as a range of orbits.
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Figure 63. Change in I with respect to dose for PM139 comparator versus

average interval dose rate for relatively constant dose rate orbit
intervals. The symbols used to show the data points represent the
interval size as a range of orbits.
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Figure 64. Change in L) with respect to dose for class S LM124 op amp

versus average interval dose for relatively constant dose rate
orbit intervals. The symbols used to show the data points
represent the interval size as a range of orbits.
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Figure 65. Change in I, with respect to dose for PM139 comparator versus

average interval dose for relatively constant dose rate orbit
intervals. The symbols used to show the data points represent the
interval size as a range of orbits.
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Figure 66. Change in I with respect to dose for class S LM124 op amp

versus average interval dose rate for relatively constant dose
rate orbit intervals. The graph only used data from orbits where
the ambient temperature was between 23 and 35 °C and the
interval accumulated dose was >200 rd. The symbols used to
show the data points represent the interval size as a range of
orbits.
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Figure 67. Change in I, with respect to dose for PM139 comparator

versus average interval dose rate for relatively constant dose
rate orbit intervals. The graph only used data from orbits where
the ambient temperature was between 23 and 35 °C and the
interval accumulated dose was >200 rd. The symbols used to
show the data points represent the interval size as a range

of orbits.



8. CONCLUSIONS

This study of the ELDRS data set from board A4 of the MPTB space experiment has proven to
be significant, both as a compilation of the latest data and for the opportunity to revisit outstanding issues
and attempt new analyses. Once significant PMOS dosimeter fade was observed in the space dosimetry
data, the confidence in the comparison of space data with ground data was reduced, which interfered with
published updates past the 1999 paper (app. B). Resolving the best dosimetry fit and understanding the
impact of the space environment on this particular experiment proved to be a more significant task than
initially thought, but has greatly increased confidence in the data. Perhaps the most important findings
from this study of board A4 on the MPTB are the lessons learned, as might be applied to future ELDRS
space experiments.

Both boards A4 and B1 were constructed and integrated into the MPTB experiment under the
DTRA ELDRS program. Basic data downloading and the extensive analysis that resulted in the 1998
and 1999 papers (apps. A and B, respectively) were also funded by the DTRA program. The fact that the
hardware, which was designed for a nominal 2-yr mission, continues to function well after 5 yr in space is
a testament to the design of these boards and the MPTB experiment overall. This study, under the NASA
Living With a Star program, has allowed confidence in the mission dosimetry to be restored through use
of additional instruments on the MPTB, a compilation of the 5-yr data set, and new analyses which may
aid in the design of improved ground test protocols for the ELDRS effect.

Significant conclusions include the following:

(1) By utilizing all available data, including that from The Aerospace Corporation’s DSU unit and
the QinetiQ CREDO instrument, as well as early data from the PMOS dosimeter (prior to fade), a best-fit
dose curve was compiled. While the net changes were fairly small, removal of fade and uncertainty has
resulted in high confidence in the comparison of space data to ground data.

(2) Prior to this study, it had been assumed by the experimenters that when solar activity was
low, nearly all the dose was accumulated during the brief proton belt transits. This study has shown that
there is significant dose accumulation from electrons in the outer belts as well. Furthermore, the amount
of nonionizing energy loss from the protons has been shown to be low, with little displacement damage in
the bipolar test circuits noted. Future ELDRS space experiments would be better suited for a more circular
orbit with a more consistent dose rate during the orbit. It is quite significant that MPTB and ground data
compare as well as they do, given the radiation environment of the MPTB. While this study does not
attempt to explain why this occurred, it raises confidence in use of ground test to predict space behavior
of enhanced low dose rate-sensitive parts.

(3) The impact of card temperature variations was not considered when this hardware was built.
In ground test, the temperature of the test part is controlled to remove known temperature effects from the
data. It was shown that both the test parts and the measurement circuits vary widely, from approximately
0 °Cto nearly 45 °C. While this variation had minimal impact on the basic experiment, its impact over short
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intervals was significant and limited the ability to analyze the data over short intervals. Future experiments
should perform temperature evaluations of both the test devices and the measurement circuitry to allow for
corrections that will result in better comparison with ground data.

(4) The lingering question on the impact of displacement damage on this data set has been settled.
When the proton fluence was made equivalent to 1-MeV neutron damage, using NIEL and compared to
ground data, it was clearly demonstrated that the great majority of the damage observed on board A4 was
due to ionization, not displacement.

(5) Finally, there was limited success in analysis of the rate of damage during periods of relatively
constant dose rate. The major problems encountered were the various interferences described in section 5,
particularly board temperature and the even/odd orbit variance. In spite of these difficulties, a relatively
constant rate of degradation was demonstrated over a range of dose rates from <0.5 mrd(Si)/s to
> 8 mrd(Si)/s. These results raise the confidence that 10 mrd(Si)/s ground data is a good predictor of space
degradation.

These results will assist future ELDRS space experiments, and impact development of ground test
methodology for enhanced low dose rate-sensitive parts.
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APPENDIX A —1998 PAPER ENTITLED “FIRST OBSERVATIONS OF ENHANCED
LOW DOSE RATE SENSITIVITY (ELDRS) IN SPACE: ONE PART
OF THE MPTB EXPERIMENT”

Appendix A is the paper presented at the 1998 NSREC and published in /EEE Trans. Nucl. Sci,
December 1998.
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Abstract

Bipolar devices, most notably circuits fabricated with
lateral PNP transistors (LPNP) and substrate PNP transistors
(SPNP), have been observed to exhibit an enhanced low dose
rate sensitivity when exposed to ionizing radiation. These dose
rate sensitive bipolar devices exhibited enhanced degradation of
base current in transistors and of input bias current, offset
current, and/or offset voltage in linear circuits at dose rates less
than 0.1 rd(Si)/s) compared to devices irradiated at dose rates
greater than 1 rd(Si)/s). The total dose responses of several
bipolar transistors and linear circuits in a space environment are
demonstrated to exhibit enhanced degradation comparable, in
magnitude, to ground-based data irradiated at a dose rate of 10
mrd(Si)/s indicating that enhanced low dose rate sensitivities
(ELDRS) do indeed exist in space.

I. INTRODUCTION

Over the past several years, extensive total dose
irradiations (hereafter, referred to as ground-based testing) of
bipolar devices have demonstrated that many of these devices
exhibited an enhanced low dose rate sensitivity (ELDRS) [1-9].
In sensitive bipolar transistors, ELDRS produced enhanced
degradation of base current (resulting in enhanced gain
degradation) at dose rates below 0.1 rd(Si)/s compared to
similar transistors irradiated at dose rates above 1 rd(Si)/s. In
1994 [3-5], several bipolar linear integrated circuits were
demonstrated to exhibit enhanced degradation of input bias
current (I;), offset current (I ), and/or offset voltage (V o)
when irradiated at dose rates below 0.1 rd(Si)/s compared to
similar circuits irradiated at dose rates above 1 rd(Si)/s.

Until now, ELDRS research has been limited to ground-
based testing. The applicability of ground-based observations to
space environments has been questioned because of the complex
nature of these environments and the lack of known system
failures attributed to ELDRS. Now, space-based measurements
are being taken allowing a comparison to ground-based data.

To that end, an experiment was designed to characterize the
total dose response of several bipolar devices in space. Three
types of bipolar transistors (RF25) and three types of bipolar
linear integrated circuits (LM124A, LM139J, and PM139Y)

! Work sponsored, in part, by the Defense Special Weapons Agency.

were selected as test vehicles. Two test boards were designed
and built to allow parametric measurements on devices while
being flown in a highly elliptical orbit in space as part of the
Microelectronics and Photonics Test Bed (MPTB) satellite
experiment which was launched in November of 1997.

This paper provides details about the test devices, the in-
flight experiment, flight-based observations, and ground-based
observations. Flight data are presented for the first seven months
of the mission. These data are compared to ground-based data
taken on devices from the same date code lots. Comparisons of
the flight data to ground-based data irradiated at a dose rate of
10 mrd(Si)/s clearly demonstrate that ELDRS effects do indeed
occur in space and produce enhanced degradation.

II. EXPERIMENTAL DETAILS

A. Orbital Information

The satellite carrying the MPTB payload was launched in
November, 1997 and placed in a highly elliptical orbit with an
orbital period of approximately 12 hours. Most of the
accumulated dose per orbit occurs when the spacecraft traverses
the proton and electron belts. These belt traversals last
approximately 70 minutes per orbit or about 10% of the time.

The MPTB experiment uses silicon MOS dosimeters,
Harris/RCA 4007s, that are read once every orbit for dosimetry.
The average accumulated dose produces a linear change in the
gate-to-source voltage (V) at a rate of 90 mV/krd(Si) when
measured at a constant drain-to-source current (Ig) of 24 pA.
Measurements are temperature and bias compensated. The
calibration of the dosimeters is within +5%. The dosimeters
have a fade rate of approximately 10% per year. The test boards
are mounted behind an equivalent of 55 mils of aluminum. A
more detailed description of the MPTB dosimetry system will be
published by others at a future date.

Using dosimetry data, the average measured dose between
orbits 0 and 363 was approximately 4.8 rd(Si) per 12-hour orbit.
In April, 1998, significant solar flare activity increased the
average measured dose for orbits above 363 to approximately 48
rd(Si) per 12-hour orbit. A dosimetry plot (average accumulated
dose as a function of orbit) from one of the MPTB experiments
is shown in Figure 1 (reported up to orbit number 410).



4000

e Dosimetry Data
(Board B3) /\‘

3000

2000

1000

Accumulated Dose [rd(Si)]

oodd N
A
N S
0 100 200 300 400

Orbital Number

Figure 1: Average accumulated dose from Board B3 dosimeter.

B. RF25 Transistor Board Description

One of the two test boards was designed to characterize the
bipolar transistors. A digital-to-analog output on the
motherboard provides the base-to-emitter voltage (Vgg). On-
board resistors allow direct measurements of the base (I ) and
collector (I) current which are then processed by the
motherboard for subsequent downloading. Vg is swept from 0.1
to 0.9 volts in 0.02-volt increments. 1 and I - are measured at
each voltage increment. This board is designated as B1 on the
MPTB experiment. Figure 2 shows a photograph of board B1,
which clearly highlights the spatial location of the six RF-25
transistor packages mounted along the edge of board B1.

- temp sensor

B1 Transister Board (space side)
H3WC:wec 6/97

Figure 2: Photograph of the transistor flight board (back side).

C. RF25 Process/Transistor Description

The RF25 process is manufactured by Analog Devices and
was developed for low noise amplifiers, power amplifiers,
mixers, and RF switches which are used in many communication
applications [10]. Test die from wafer fab lot #350569.1 contain

a large lateral PNP (LPNP), a small LPNP, a substrate PNP
(SPNP), and a vertical NPN. Die were mounted in a 14-pin
dual-in-line ceramic package and date coded, DC94. The small
LPNP and SPNP use a square geometry with an emitter area of
1.2 um x 1.2 um. The large LPNP uses a square geometry with
five parallel emitter areas of 1.2 um x 1.2 xm each.

D. RF25 Transistor Biasing Description

Figure 3 shows the insitu bias configuration for the RF25
transistor package during flight. The substrate is always at
ground. The emitters of the PNP transistors have an insitu bias
of 2.5 volts while the base and collector are floating. The
collector of the NPN transistor has an insitu bias of 2.5 volts
while the base and emitter are floating. The bias conditions were
determined, in part, by constraints imposed by test board and
satellite system such as size and power requirements.
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Figure 3: Representative bias configuration for the RF25 package.

E. Linear Integrated Circuit Board Description

The other test board was designed to characterize the linear
integrated circuits, specifically the LM124A, LM139J, and
PM139Y. The on-board op-amp and comparator circuitry
allowed measurements of three parameters which are then
processed by the motherboard for subsequent downloading.
These three measurements are used to determine Vg, [ g, and I
- This board is designated as A4 on the MPTB experiment.
Figure 4 shows a photograph of board A4, which clearly
highlights the spatial location of the eight linear integrated
circuit packages consisting of four op-amp packages and four
comparator packages mounted along both sides of the board.

F. Linear Integrated Circuit Description

The four LM124A op-amps are manufactured by National
Semiconductor. Two packages have a date code of 9524. The
other two packages have a date code of 9520 and are class-S
type devices. Each LMI124A package consists of four
independent op-amp circuits. [ is temperature compensated in
these devices.
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Figure 4: Photograph of the linear flight board (back side).

The two LM139 comparators are also manufactured by
National Semiconductor and have a date code of 9530. The two
PM139 comparators are manufactured by PMI and have a date
code of 9522. Each LM139 and PM139 package consist of four
independent comparators. The input structures of the National
LM124 and LM139 are fabricated using a SPNP and LPNP
hybrid structure.

G. Linear Integrated Circuit Biasing Description

Figure 5 is a representative insitu bias configuration for the
LM124 (voltage follower with gain of 1) and Figure 6 is a
representative insitu bias configuration for the LM139s and
PM139s (basic comparator with inputs at ground potential).
These configurations were selected because of certain test
system constraints and to define the input bias state. The inputs
were identified as containing the sensitive structures to be
controlled during the experiment.

MI. FLIGHT- AND GROUND-BASED COMPARISON

Orbital flight data were converted to average accumulated
dose using a conversion factor of 4.8 rd(Si) per orbit for orbits
up to 364. For orbits between 364 to 410, the orbital flight data
were converted using a conversion factor of 48 rd(Si) per orbit
which corresponds to the solar flare activity that occurred in
April, 1998 (see Figure 1).

The transistor flight data are only qualitatively compared
to existing ground-based data [11] because insitu bias conditions
are different. Previous experiments on RF25 transistors using
different bias conditions have indicated no appreciable
differences [8]. At this time, these data provide quantitative
measurements of temperatures during flight adding valuable
insight into the insitu conditions of the transistors and linear
circuits as well as lending support to the linear circuit data.

Ground-based data were taken on the linear circuits (same
date code) and irradiated with a Co60 source using dose rates of
100, 1, and 0.01 rd(Si)/s. The linear circuits used insitu bias
configurations similar to the flight boards. These data clearly
demonstrate enhanced degradation during flight.
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Figure 5: Representative bias configuration for the LM 124 package.
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Figure 6: Representative bias configuration for LM 139 and PM139.

A. RF25 Transistor Response

A representative set of the transistor flight data is provided
in Appendix B, Figures B1 - B6 showing I; and I curves of the
small LPNP, large LPNP, and SPNP for transistor package
designated U30. Ionization induces shifts in I, but does not
induce shifts in I .. Temperature induces shifts in both the I
and I characteristic. Shifts in I as shown in Figures B2, B4,
and B6 imply that the transistor temperature is varying from
orbit to orbit. Since I is a strong function of temperature, the
flight data have to be corrected for orbital temperature
variations, before analyzing any potential ionization effects.

One method to remove temperature variations in the flight
data is to apply parameter extraction techniques using the I
characteristic of each orbit. First, the saturation current (I ) is
extrapolated using the ideal portion of the I. curve. The
extrapolated values of I are then used to determine the transistor
temperature for that orbit using Equation (1), where Eg is the
energy gap in eV, T, is the baseline temperature in Kelvin, T, is
the extracted temperature in Kelvin, and V(T) is the thermal
voltage at T, or T, in volts. The transistor temperature of the



large LPNP was found to vary from approximately 298 to 340 K,
which corresponds to recorded temperature variations of other
flight boards on MPTB.
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Once the transistor temperature is determined, an ideal I
and I characteristic can be calculated using Equations (2),
where q is elementary charge, k is Boltzmann constant, T is
temperature, and Hp is pre-radiation gain. Normalizing the
flight data using the ideal base characteristic of a given orbit, the
temperature variation is removed. Any subsequent changes in
the normalized data are attributed to ionization.
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Another method to remove temperature variations from the
flight data is to interpolate I, at a fixed I . current. Before
applying this technique, the I; and I curves of each orbit are
smoothed using a regressive fitting program. Curve smoothing
is performed to remove certain aberrations (nonlinearities, self-
heating, etc.) and discontinuities (autoranging) caused by the test
circuitry and test methodology. By interpolating I;; at a fixed I,
temperature variations are removed and the total dose response
of the transistor can be determined. Both methods were used to
remove temperature variations in the large PNP and were found
to be in good agreement. The initial SPNP response (pre-flight)
exhibited excessive collector current leakage and a qualitative
comparison to ground-based data is not performed.

Figure 7 shows a representative plot of normalized base
currents at three values of base-to-emitter voltages (V) of the
large LPNP transistor for package U30 based on the parameter
extraction technique. The base current is observed to increase
approximately 75% after accumulating approximately 1.7
krd(Si) of dose. A similar degradation was noted on the small
LPNP. These data indicate that the LPNP transistors appear to
be exhibiting enhanced degradation when qualitatively compared
to existing ground-based data [11]. Additional ground-based
experiments using transistors under similar bias conditions are
needed to verify this observation before any quantitative
comparisons can be made. However, the transistor data provide
quantitative measurements of actual device temperatures for
each orbit providing valuable information about the insitu
conditions of the transistors and linear circuits during flight.

B. Linear Integrated Circuit Response

A representative set of orbital flight data for the linear
circuits is provided in Appendix A, Figures Al - A6. These
figures demonstrate that 1,5 and V ¢ are not exhibiting any
notable changes through orbit number 410. Figures Al and A4
show that the LM 124 and LM 139 are both exhibiting an increase
in I 5, which was expected to be the sensitive parameter. All the
measured parameters are within maximum operating limits.

3
O Vge=0.60
0 Vge=0.62
= A Vg=0.64
[
=
S
o 27
Q al
7] o
3 o O AQ
o a8 Oﬁ
g . % P & 2 a
s 1" L AL RO
g AQ E% ]
o
=2
0 N
102 108

Total Dose [rd(Si)]

Figure 7: Normalized base current of large LPNP to total dose.

Figures 8, 9, and 10 show LM124, LM139, and PM139
flight data for a seven month period superimposed upon ground-
based data on similar devices (same date code) using similar
insitu bias conditions. Certainly, insitu flight conditions are
more complex than the ground-based conditions due to power
interruptions, temperature variations, dose rate variations (belt
traversal, flare activity, etc.), and other variables associated with
actual satellite operation. Figures 8 and 9 show enhanced
degradation in Iy of the LM124 and LM139 flight data when
compared to the 100 rd(Si)/s and 1 rd(Si)/s ground data. The
degradation in I of the LM 124 flight data is bounded by ground
data taken at 10 mrd(Si)/s, and the degradation in Ij; of the
LM139 flight data is in good agreement with the 10 mrd(Si)/s
ground data. Upon closer examination, the solar flare event
(April 1998) appears to have decreased the rate of degradation
in I of the LM 139 as can be readily seen in Figure 11. This is
consistent with enhanced low dose rate effects not yet in
saturation.

Bipolar linear circuits are known to be susceptible to
displacement damage from both protons and electrons [12].
Since the ratio of ionizing energy loss to non-ionizing energy
loss (NIEL) is orders of magnitude higher for electrons than for
protons in the earth radiation belts, we may assume that only the
protons are of concern for displacement damage. To determine
the relative displacement damage of the MPTB bipolar circuits,
neutron irradiations were conducted using White Sands Missile
Range Fast-Burst Reactor to 1 MeV equivalent fluences of 5, 15,
and 25 x 10" n/cm?. Five samples of each device type using
samples with the same date code were exposed and degradation
in I;; recorded. The degradation in I ; was linear with neutron
fluence, as expected. The measured rates of degradation were 2
nA per 10" n/cm® for the LM139s and 1 nA per 10" n/cm? for
the LM124s and PM139s. Since the displacement damage rate
of the PM139s is comparable to the other device types, that
response can be used as a measure of the displacement damage
at a dose of 4.1 krd(Si) acquired through orbit 410 of the MPTB
experiment. Figure 10 shows that I; of the PM139s is not
degrading.  Therefore, it is reasonable to assume that
degradation in I; of the LM 124s and LM 139s are a direct result
of ionization and not displacement damage.
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Figure 8: Comparison of flight and ground-based data of LM124.
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Figure 11: Expanded data set from Figure 8 showing flare event.

IV. DISCUSSIONS AND IMPLICATIONS

The flight-based data appear to be responding to the space
environment comparable to ground-based testing at dose rates
below 0.1 rd(Si)/s. The transistor data demonstrate that the
devices are varying in temperature from 298 to 340 K. Ground-
based observations have indicated that elevated temperatures
may actually enhance the ELDRS effect. However, the rates of
degradation in the observed I;; (See Figure 8 and 9) of the
LM124s and LM139s are comparable to the ground-based
observations at 10 mrd(Si)/s and definitely worse than the
observations at 1 or 100 rd(Si)/s. The LM 139 response during
the solar flare event in April implies that the dose rate sensitivity
of these devices are not in saturation. The PM139 response (see
Figure 10) strongly suggests that the degradation in I of the
LM124s and LM139s are induced by ionization and not
displacement damage based on degradation induced by neutrons.

These results demonstrate that these bipolar devices are
responding to a complex time-variant space environment in a
manner comparable to ground-based testing at dose rates on the
order of 10 mrd(Si)/s. The data show that an enhanced low dose
rate sensitivity is observed when operated in a space
environment comprised mainly of protons and electrons where
the instantaneous dose rate varies by orders of magnitude (<<1
mrd(Si)/s to 50 mrd(Si)/s). It has been suggested that either the
radiation source (protons and electrons rather than photons) or
the time-varying nature of a space environment may induce a
significantly different response. These data demonstrate
otherwise.

System performance could be significantly impacted if an
ELDRS prone device were selected for a space mission. Such
a selection could result in premature system failure if insufficient
design margins are incorporated. Therefore, selections of space-
based devices require adequate test methods to be used to
identify dose rate sensitive devices (qualification testing). Test
method 1019 does not address bipolar linear circuits with
ELDRS, since that portion which applies to space radiation only



covers CMOS circuits. However, a new unreleased revision of
ASTM-F867 (renumbered F1892 - Guide for Ionizing Radiation
Effects Testing of Semiconductor Devices) has included an
entire Appendix devoted to ELDRS in bipolar linear circuits. In
addition, development of hardness assurance test methods for
ELDRS continues [13,14].

The MPTB mission is on-going and parametric data will
continue to be accumulated providing even better insights into
the total dose response of bipolar devices operating in a space
environment.

V. CONCLUSIONS

For the first time, an experiment is being conducted in an
actual space environment to investigate the effects of ELDRS on
selected bipolar device (RF25 transistors, LM124s, LM139s,
and PM139s). The results from the first seven months
demonstrate that bipolar devices (transistors and linear
integrated circuits) flown in a highly elliptical orbit in space
exhibit enhanced parametric degradation which is comparable to
ground-based data taken at a dose rate of 10 mrd(Si)/s. These
data clearly demonstrate that an enhanced low dose rate effect
(ELDRS effect) exists in a space environment and is comparable
to the ground-based observations for each part type. Finally,
flight data are responding to the space environment as predicted
by ground-based data.
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Appendix A: Typical Orbital Response of Linear Integrated Circuits
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Appendix B: Typical Orbital Response of RF25 Transistors
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Figure B1: Orbital response (I) of small LPNP (U30).
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Figure B3: Orbital response (I) of large LPNP (U30).
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APPENDIX B—1999 PAPER ENTITLED “ENHANCED LOW DOSE RATE SENSITIVITY
(ELDRS) OF LINEAR CIRCUITS IN A SPACE ENVIRONMENT”

Appendix B is the paper presented at the 1999 NSREC and published in /IEEE Trans. Nucl. Sci.,
December 1999.
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Abstract

To investigate the ELDRS effect in a real space
environment, an experiment was designed, launched, and placed
in a highly elliptical orbit in November 1997. After its
deployment, the electrical responses of several bipolar transistors
and linear circuits have been and continue to be recorded once
during every 12-hour orbit. System dosimeters are monitored to
establish an average accumulated dose per orbit. With this
information, the electrical parameter data are correlated with the
dosimetry data to determine the total dose response of each
device. This paper updates information on the ELDRS
experiment through May 14, 1999. As of this date, the
experiment has been in flight for a period of 18 months and has
accumulated an approximate dose of 18 krd(Si). For
comparison, devices, specifically linear circuits with the same
date code, were irradiated using Co-60 sources, herein defined as
ground-based tests. The ground-based tests are used to evaluate
two hardness assurance tests, a room temperature irradiation at
10 mrd(Si)/s and an elevated temperature irradiation at 100°C
and 10 rd(Si)/s and to evaluate the ELDRS response. To that
end, irradiations were performed at room temperature,
approximately 22°C, at fixed dose rates of 100, 1, and 0.01
rd(Si)/s and at elevated temperature, approximately 100°C, at a
fixed dose rate of 10 rd(Si)/s. Currently, irradiations are being
performed at room temperature at a fixed dose rate of 0.001
rd(Si)/s. Comparing the ground-based data to the flight data
clearly demonstrates that enhanced parametric degradation has
occurred in the flight parts. The two hardness assurance screens
predicted ELDRS but the design margin for the elevated
temperature test may not be adequate.

[. INTRODUCTION

In commercial or military space systems, electronic
components are subjected to radiation stresses that include
cosmic rays, protons, electrons, and other particles. However,
most of the dose is deposited from the interaction with protons
and electrons trapped in the inner and outer belts. A complete
description of the actual environment would require extensive
knowledge of each particle type as well as its energy, direction,
and position at any given moment in time. To complicate

! Material presented at 1999 IEEE NSREC. Work sponsored, in part,
by Defense Threat Reduction Agency (DTRA).

matters, space particles can be influenced by many factors
including spacecraft and packaging shielding.  Further
complications can arise because the particle spectra can change
due to random events such as solar activity and magnetic storms.
As a whole, space environments are extremely complex when
compared to typical ground-based Co-60 experiment which are
performed under controlled laboratory conditions at fixed dose
rates. Therefore, the total dose response of devices which exhibit
ELDRS, when placed in a space environment, was uncertain due
to those and other uncontrolled conditions that exists in space.

Over the past several years, extensive ground-based Co-60
irradiations have demonstrated that many bipolar devices, most
notably lateral PNP transistors, exhibit ELDRS [1-4]. In dose-
rate sensitive bipolar transistors, enhanced gain degradation due
to increased base current at a given dose occurs when exposed to
lower dose rates (e.g., dose rates below 100 mrd(Si)/s) relative
to traditional dose rates (e.g. dose rates between 50-300 rd(Si)/s
as specified by Test Method 1019). In 1994, several bipolar
linear integrated circuits were observed to exhibit an enhanced
degradation of certain electrical parameters when subjected to
ionizing dose rates below 1 rd(Si)/s when compared to similar
devices subjected to higher dose rates between 50 and 100
rd(Si)/s [2-4]. This enhanced degradation was observed as a
significant increase in the input bias current (IIB), input offset
voltage (V0S), and input offset current (10S).

The experiment described herein is the first
verification/demonstration of ELDRS in space, as all previous
experiments were ground-based experiments where the
environmental conditions are controlled. Last year, we reported
upon the total dose responses of these linear circuits in the same
experiment after six months of flight and an accumulated dose of
4 krd(Si) [5]. The linear circuits consist of operational amplifier
(op-amps) and comparator type circuits. The LM124s are op-
amps manufactured by National Semiconductor, the LM139s are
comparators manufactured by National Semiconductor, and the
PM139s are comparators manufactured by Analog Devices. The
flight board was designed and built to allow limited in-flight
characterization of the linear circuits. This ELDRS study is a
small part of a larger project known as the Microelectronics and
Photonics Test Bed (MPTB) which was launched in November
1997.

This paper updates the linear circuit results reported upon
last year (see reference 5). The total dose responses of these
same devices are updated from a 6-month period to an 18-month
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period and from an accumulated dose of 4 krd(Si) to an
accumulated dose of 18 krd(Si). During this eighteen-month
period, several solar events have occurred producing significant
increases in the accumulated dose over short periods of time
(e.g., a few days to a few weeks). In addition to the flight data,
irradiations of linear circuits with the same date code have been
performed using ground-based Co-60 sources. Ground-based
irradiations were performed at room temperature, approximately
22°C, with fixed dose rates of 100, 1, and 0.01 rd(Si)/s and at
elevated temperature, approximately 100°C, with a fixed dose
rate of 10 rd(Si)/s. The 10 mrd(Si)/s, room temperature test and
the 10 rd(Si)/s, elevated temperature test are two hardness
assurance screens for ELDRS [6,7]. In addition to these tests,
ground-based irradiations at room temperature are in progress
with a fixed dose rate of 0.001 rd(Si)/s. Ground-based
irradiations using even lower dose rates may be necessary to
identity the worse-case ELDRS response. However, lower dose
rates require longer exposure times (e.g., months to years) to
evaluate the total dose response making it undesirable.
Assuming that the ELDRS effect saturates at low dose rates (see
Figures 1 and 2 of reference 8), the 0.01 and 0.001 rd(Si)/s tests
should provide an upper boundary for the flight and other
ground-based data.

II. ORBITAL DESCRIPTION

The satellite carrying the MPTB payload was launched in
November 1997 and placed in an elliptical orbit with an orbital
period of approximately 12 hours. Data have now been collected
and analyzed for the first 1,108 orbits which corresponds to
approximately 18 months of flight.

Since ground-based experiments are readily quantified by
a fixed dose rate, it would be useful to quantify a fixed dose rate
for the space-based experiment. However, assignment of a fixed
dose rate is unrealistic because of the highly elliptical orbit. The
instantaneous dose rate varies significantly within an orbit as the
satellite traverses the proton and electron belts in its path. Orbit-
to-orbit variations occur from random solar events and magnetic
storms. During quiet periods (periods of little or no solar and/or
magnetic storm activity), a typical 12-hour orbit accumulates a
dose of 4.5 rd(Si). The majority of this dose is deposited during
several smaller periods of time having a total duration of about
70 minutes. The smaller periods of time correspond to those
times when the spacecraft traverses the proton and electron belts
in its orbital path. During solar events and/or magnetic storms,
a 12-hour orbit may accumulate a dose of 100 rd(Si) or more,
increasing the average dose by a factor of 20 or more.

For the first 18 months (1108 orbits), in-flight devices have
accumulated a ionizing dose of approximately 18 krd(Si). For
comparison purposes only, an average dose rate of approximately
16.25 rd(Si)/orbit or 0.00038 rd(Si)/s may be implied. However,
nearly 13 krd(Si) of that dose occurred after three significant
solar events. Prior to and after the solar events, the average dose
rate was approximately 4.5 rd(Si)/orbit or 0.0001 rd(Si)/s; but
during and for a period of time after the solar events, the average
dose rate increased anywhere from 40 to 100 rd(Si)/orbit. These

enhanced periods lasted for several orbits before slowly decaying
to background levels. A representative "average" dosimetry plot
(accumulated dose as a function of orbit number) from a
calibrated PMOS dosimeter on Board B3 of the MPTB
experiment is shown in Figure 1. The effects of the three solar
events, 20 April 1998 (orbit 364), 24 August 1998 (orbit 584),
and 30 September 1998 (orbit 656) are clearly visible in this plot.
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Figure 1: A representative plot of the average ionizing dose
accumulated for each orbit (data obtained from a PMOS dosimeter on
another MPTB board designated as Board B3) showing a background
dose rate of 4.5 rd(Si)/s and periods of higher dose rates.

II. EXPERIMENTAL DESCRIPTION

The MPTB payload has three panels and each panel
contains eight flight boards. The linear circuit flight board is part
of Panel A and is designated as A4. All the devices for the flight
and ground based tests were purchased in single date code lots of
100 devices for each device type except the Class-S LM124s
which were provided separately as a lot of 20 devices. All
packages were hermetically sealed 14-pin dual in-line packages
(DIPs).  Sensors on each panel indicate that operating
temperatures have fluctuated between 30 and 55 °C.

A. Flight Tests

Board A4 has a total of eight linear circuit packages. Each
package contains four linear test circuits, a quad package type.
Four of the eight packages are LM124s, operational-amplifiers
(op-amps) circuits, manufactured by National Semiconductor.
Two of those four are standard COTS devices which were
identified as radiation and ELDR sensitive. The other two are
Class S devices which were identified as not radiation and ELDR
sensitive. An explanation for this radiation difference is not
known at this time, but it is believed to be related to the isolation
oxide and/or passivation (see Section, Subsection E for
additional details). The op-amp circuits were biased in a



unity-gain configuration with both inputs grounded during
irradiation. Electrical measurements of VOS, 10S, and IIB are
taken once every orbit using a standard closed loop configuration
unless system problems (e.g. MPTB power turned off, core
required system reset, etc.) override a measurement. Loss of data
has occurred approximately 11 times resulting in missing data for
101 of the 1108 orbits. Measurements are resumed when the
system problems are resolved. A representative plot of 1B for
the standard COTS and Class-S LM124s is shown in Figure 2.
Representative plots of VOS and 10S are not shown, since these
parameters do not exhibit significant degradation for the selected
bias conditions. This was expected.

The other four packages are comparator circuits. Two of
these are LM139s manufactured by National Semiconductor
which are known to be radiation and ELDR sensitive; and the
PM139s manufactured by Analog Devices are known to be
radiation and ELDR insensitive. An explanation for their
radiation and ELDRS differences is not known at this time, but
is probably related to differences in their design, layout, and
processing. The comparators are biased with both inputs
grounded through resistors and the output is pulled up through a
resistor to 5 volts. As noted previously, electrical measurements
of Vos, 10s, and IIB are taken once every orbit using a standard
closed loop configuration unless system problems prevent taking
a measurement. This has resulted in a loss of data for 101 orbits.
As before, measurements resume when the system problems are
resolved. A representative plot of IIB for the LM139s and
PM139s is shown in Figure 3. Representative plots of VOS and
los are not shown. Again, these two electrical parameters do not
exhibit significant degradation for the selected bias conditions.

B. Ground Tests

Ground tests were performed on circuits with the same date
code as the orbital samples. However, the Class-S LM 124 was
only characterized at 1 and 100 rd(Si)/s due to the limited
number of test samples available. Electrical tests on the
operational amplifiers (LM124s) and comparators (LM139s and
PM139s) were performed using an Eagle LSI-4, an automated
linear test system. The Eagle LSI-4 provides measurements of
power supply current, offset voltage, input offset current, input
bias current, open loop gain, power supply rejection ratio,
common mode rejection ratio, output voltage high and low,
output current high and low, and propagation delay or slew rate.

Irradiations were performed using Co-60 sources at fixed
dose rates using similar insitu bias conditions as the flight board.
Irradiations were performed with fixed dose rates of 100, 1.0,
0.01, and 0.001 rd(Si)/s at room temperature (approximately
22°C). For dose rates of 100 and 1 rd(Si)/s, irradiations were
performed using a Shepherd Model 484 Co-60 irradiator located
at the Naval Surface Warfare Center (NSWC) in Crane IN. For
dose rates of 0.01 and 0.001 mrd(Si)/s, irradiations were
performed using a Gammabeam 150 Co-60 source located at
Research Triangle Institute(RTI), NC. All devices were placed
inside a Pb/Al box during irradiation and dosimetry was
performed using CaF2 TLDs to determine the initial dose rate for
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Figure 2: A representative plot of the input bias current response of the
standard LM 124 and the Class-S LM 124 as a function of completed
orbital revolutions.
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Figure 3: A representative plot of the input bias current response of the
LM139 and PM139 as a function of the number of completed orbital
revolutions.

that test. Accumulated dose was calculated based upon the
established dose rate and exposure times.

For the low dose rate tests, the dose rates were adjusted to
account for the Co-60 decay by decreasing the initial dose rates
based on the Co-60 half-life of 5.27 years. The low dose rate
tests conducted at the RTI facility were interrupted at specific
total dose levels, shipped overnight to NSWC, electrically
characterized using the Eagle LSI-4, and then returned to RTI to
continue the radiation exposures. The time between exposure
levels for the low dose rate tests was typically two to three days.
Annealing was not examined. For the ground based tests, a
sample size of four devices for each part type was used. Results
(an average of the four samples) of the Co-60 tests, performed at
room temperature and shown as symbols for the LM124s,
LM139s, and PM139s, are presented in Figures 4-6, respectively.
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The individual responses of the tested samples were tightly
clustered. In the majority of cases, the data spread is smaller
than the symbol used to represent the averaged data points.

Irradiations were also performed using the NSWC Co-60
source with a fixed dose rate of 10 rd(Si)/s at elevated
temperature, approximately 100°C. The temperature of the
devices was elevated using a Thermionics system which uses
pressurized air (heated and cooled) to raise and lower the
temperature. Two thermocouples were mounted on the test
board to monitor and control the air flow allowing the
temperature during irradiation to be set at approximately 103°C
+5°C. The time between exposure levels for the elevated
temperature tests was typically 40 to 60 minutes allowing
sufficient time for the devices to cool, to electrically characterize
all the devices, and to elevate the temperature for the next
exposure. The averaged results of the elevated temperature tests,
shown as a solid line, for the LM124s, LM139s, and PM139s are
also presented in Figures 4-6, respectively.

Upon closer examination of the LM 124 and LM139 devices
(see Figures 4 and 5), the total dose response of these devices at
fixed dose rates of 1 and 100 rd(Si)/s are essentially identical.
Many ELDRS devices may demonstrate a marked enhancement
at a dose rate of 1 rd(Si)/s. Obviously, these devices do not.
However, the total dose response of the devices at a fixed dose
rate of 10 mrd(Si)/s demonstrate a significant increase in
parametric degradation, which is indicative that the devices are
ELDRS. This observation demonstrates that hardness assurance
screens performed with dose rates of 1 rd(Si)/s or higher may not
be adequate to identify ELDRS.

Figure 6 clearly shows that the PM 139 is neither radiation
or ELDR sensitive. Even at an elevated temperature of 100 °C
during irradiation, the total dose degradation of the PM139s are
only minor. It even appears that the IIB response at lower dose
rates of 10 mrd(Si)/s and 1 mrd(Si)/s) may be exhibiting a
smaller increase when compared to the higher dose rate data at
1 rd(Si)/s or 100 rd(Si)/s.

IV. FLIGHT DATA COMPARISON

To compare the flight data to the ground based data, flight
data must be determined as a function of rd(Si). Using the
dosimetry curve of Figure 1, the number of orbital revolutions
are converted into an average accumulated dose. Using this
technique, a total dose response curve is generated for each set
of devices. These data are then compared to data obtained from
two hardness assurance tests [6,7], 10 mrd/s at room temperature
and 10 rd/s at elevated temperature, as shown in Figures 7-9 for
the standard COTS LMI124s, LM139s, and PMI139s,
respectively. This comparison provides insights into the validity
of the two hardness assurance tests. However, one must also
consider that space experiments are not a controlled
environment, since temperature, dose rate, and bias variations do
occur. For reference only, the average dose rate per orbit varied
from approximately 4.5 rd(Si)/orbit during periods of little or no
solar activity to nearly 100 rd(Si)/orbit during periods of high
solar activity.
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Figure 4: Total dose response of LM124 (standard COTS) at fixed dose
rates of 0.001, 0.01, 1.0, and 100 rd(Si)/s at room temperature.
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Figure 5: Total dose response of LM139 at fixed dose rates of 0.001,
0.01, 1.0, and 100 rd(Si)/s at room temperature.
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Figure 6: Total dose response of PM139 at fixed dose rates of 0.001,
0.01, 1, and 100 rd(Si)/s at room temperature.



Based upon the ground tests, [IB was identified as the
critical parameter. Figures 7-9 show orbital I1B data converted
to dose superimposed upon ground data taken on similar devices
with the same date code under similar insitu bias conditions. In
spite of the uncontrolled environmental conditions that existed
during the space experiment, the flight data clearly exhibit
enhanced degradation in the standard COTS LM124s and the
LM139s devices. As with the ground data, the PM139s exhibit
little or no enhance degradation.

A. Comparison of LM 124

Figure 7 shows the LM124 response. The LM 124 flight
data are compared to data obtained from two hardness assurance
tests [6,7] and data at 1 mrd(Si)/s. The flight data definitely fall
below the upper boundary provided by the 1 and 10 mrd(Si)/s
data. The 10 mrd(Si)/s ground data are conservative compared
to the flight data whereas the flight data are approximately 2x
greater than the elevated temperature data at a dose of 18 krd(Si).
However, the hardness assurance test using elevated temperature
allows for a design margin of 3x and the 10 mrd(Si)/s test allows
for a design margin of 2x. Based upon the ground data at this
dose, both tests predicted ELDRS and both had adequate design
margins. However, when the ground data are compared at
75 krd(Si), the 10 mrd(Si)/s data are approximately 6x worse
than the elevated temperature data. This strongly suggests the
elevated temperature test may not always predict the low dose
rate degradation within a factor of 3.

B. Comparison of LM139

Figure 8 shows the LM139 response. The LM 139 flight
data are in good agreement with the 10 mrd(Si)/s data. On the
other hand, the flight data are approximately a factor of 2 worse
than the elevated temperature test data at 18 krd(Si). Again, this
is within the 3x design margin. For these devices, the elevated
temperature test data are observed to be within a factor of 2 of
the low dose rate response at 10 mrd(Si). The hardness assurance
techniques produced a positive result for ELDRS and the design
margins of 2x and 3x are adequate.

C. Comparison of PM139

Figure 9 shows the PM139 response. The flight data are in
good agreement with the low dose rate tests and elevated
temperature tests. Flight data show slightly less degradation than
ground based data which may be a result of long term annealing,
temperature variations, and bias variations in the flight data.
Obviously, the PM139s are not ELDR sensitive. The devices
tested negative for ELDRS and the low dose rate data support
that result. This provides direct evidence that ground tests can
be used to identify dose rate sensitive as well as insensitive
devices. Since the PM139s are relatively hard to ionizing
radiation (IIB increased a factor of 2 at 100 rd(Si) from 24 nA to
48 nA) but sensitive to displacement effects, they can be used to
monitor displacement damage in the LM124s and LM139s. If
the flight parts exhibit more degradation than is expected for the
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Figure 7: A graphical comparison of the ground-based data to the flight
data for the LM 124 (standard).
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Figure 8: A graphical comparison of ground-based data to flight data
for the LM139.
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deposited dose, the excess degradation must be due to
displacement damage effects. This will be discussed further in
Part V, Section C. Although not shown, the response of the
Class-S LM124s are similar to PM139s in that they too appear to
be radiation and ELDR insensitive which was expected based
upon earlier data. The Class-S LM124 data are not discussed in
detail or shown due to the limited number of devices available
for ground-based tests.

V. DISCUSSIONS

A. Ground Correlation

The flight data are easily within a factor of 2 of the Co-60
results at 10 mrd(Si)/s. A factor of 2 is used by Pease et al. [6,7]
as the design margin for the low dose rate hardness assurance
technique. A lower dose rate test at 1.0 mrd(Si)/s tests is
currently in progress at the RTI facility. The response at this
lower dose rate based upon the last recorded radiation exposure
of 10.3 krd(Si) appears to be saturating on the LM139s and the
response of the LM124s even show less degradation when
compared to the 10 mrd(Si)/s data. Given that the average dose
rate per orbit varies from 0.1 mrd(Si)/s during periods of little or
no solar activity to approximately 3 mrd(Si)/s during periods of
high solar activity. Note that higher dose rates exist within an
orbit as the belts are traversed. The flight data are in good
agreement with ground test data with the possible exception of
the LM124s. One possible explanation for the I1B response of
the LM 124s is that the dose rate effect has saturated; and, at dose
rates below 10 mrd(Si)/s, the degradation in the IIB response is
less and may even recover as a result of annealing which may
occur during periods of negligible dose rate. If this is the case,
the I1B response of the LM 124 may reflect less degradation in 1B
because the average space rate is 0.33 mrd(Si)/s over the 18
month period.

B. Dose Rate Variations

If enhanced degradation of IIB occurs in a dose rate
sensitive device and the devices are then subjected to an
accumulated dose using different dose rates, then the total dose
response of that device should reflect slope changes in the 1B
degradation curve. That is, the response at a lower dose rate
should have a steeper slope until the dose rate effect begins to
saturate. The LM139 and LM124 flight data are plotted in
Figure 10 to show the IIB characteristic more closely during
periods of increased solar activity and periods of little or no
activity, where the shaded areas represent the periods of little or
no solar activity. The average dose rate during those periods was
approximately 4.5 rd(Si)/orbit. Under closer examination, the
LM139 curve clearly indicates that the IIB characteristic is
responding to periods of increased activity as well as those
periods of little activity. During periods of increased solar
activity, the average accumulated dose per orbit increases
dramatically and the rate of change in IiB decreases. During
periods of solar inactivity, the rate of change in I1B would be
expected to increase. This response is evident in the six month
period that occurred at approximately 18 krd(Si). During this
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Figure 10: The LM139 and LM124 flight data are plotted to show
periods of solar activity and inactivity (shaded areas) and its affect on
the IIB response due to variations in the average dose rate during these
periods.

six-month period, no measurable solar activity was noted and the
rate of change in the IIB degradation was observed to increase
dramatically.

C. Displacement Damage Effects

As discussed earlier, the majority of the deposited dose
(ionization damage) is from protons and electrons which are also
known to produce displacement damage in bipolar linear circuits
[9]. Since the ratio of ionizing energy loss to non-ionizing
energy loss (NIEL) is orders of magnitude higher for electrons
than protons in the earth radiation belts, we assume that only the
protons are of immediate concern for displacement damage.
Protons produce ionization and displacement damage which, in
turn, cause an increase in the input bias current. Ionization and
displacement damage must be qualitatively or quantitatively
separated. We do this by examining the relative change in 1B
due to displacement damage in these device types when exposed
to neutrons. Neutron irradiations were performed using White
Sands Missile Range Fast-Burst Reactor to 1 MeV equivalent
fluences of 5, 15, and 25x10"" n/cm®. Five samples of each
device type from the same date code lot were exposed and
characterized with the Eagle LSI-4. The degradation in IiB was
linear with neutron fluence. This was expected. The measured
rates of degradation were 2 nA per 10'° n/cm? for the LM139s
and 1 nA per 10" n/cm’ for the LM124s and PM139s. Since the
relative displacement damage of the PM139s are comparable to
the other device types, the PM 139 flight data can be used as a
measure of displacement damage at a dose of 18 krd(Si)
accumulated through orbit 1108. Figure 9 clearly shows that the
PM139s have only degraded approximately 4 nA. Even if we
assumed that all this degradation were produced by displacement
damage, the subsequent impact on the LM124 and LM139
response would be negligible. Therefore, it is reasonable to
assume that degradation in I1B of the LM 124s and LM 139s are
a direct result of ionization and not displacement damage.



D. Hardness Assurance Issues

These updated results continue to demonstrate that bipolar
linear circuits in this study can respond to a complex time-variant
environment (elliptical orbit in space) in a manner comparable to
the responses obtained using fixed dose rates on the order of
magnitude of 10 mrd(Si)/s in a controlled environment (radiation
tests in the laboratory). The data clearly demonstrate that
ELDRS exists in space as well as the laboratory. It has been
suggested that the effect of protons and electrons encountered in
space rather than the photons used in the laboratory or the time-
varying nature of space could induce significantly different
responses. Obviously, this is not the case in this study.

System performance could be compromised if ELDRS
prone devices are used in space systems. Such a selection could
result in premature failure rendering the system useless.
Therefore, selection criteria must require adequate screens for
ELDRS in bipolar devices. Test Method 1019 does not address
requirements for ELDRS in bipolar devices, since that portion
concerning space only applies to CMOS devices. However, an
ASTM standard, ASTM-F1892-98 [Guide for lonizing Radiation
(Total Dose) Effects Testing of Semiconductor Devices], has
included an entire Appendix devoted to ELDRS.

As was shown in Figure 7, the hardness assurance screens
may not always provide adequate safety margins. The elevated
temperature screen under predicted the MPTB response by a
factor of 3 but under predicted the 10 mrd(Si)/s response by a
factor of 6. The elevated temperature tests may not always
bound the ELDRS response using a design margin of 3x. This
supports a similar observation in a previous study where the
elevated temperature design margin of 3x was not adequate in
some cases [7].

We provide the following example to demonstrate why
ELDRS could pose a serious risk to a deployed system. A
satellite placed in a geostationary orbit (apogee = 35,790 km;
perigee = 35,790 km, and inclination = 0°) may be expected to
survive 10 years. Using Space Rad 4.0 [10], the expected dose
without any shielding is approximately 10° rd(Si) per year which
is reduced to approximately 10° rd(Si) when 40 mils of aluminum
spherical shielding is assumed. Then, the dose is reduced to
approximately 2.1 krd(Si) per year using a RAD PAK 1 package
limiting the total accumulated dose on the system electronics to
approximately 21 krd(Si) for a 10-year mission. The designer
selects an LM 139 comparator and determines that IIB cannot
exceed 100 nA in the specified application. Using high dose rate
curves (as shown in Figure 5), the designer believes that he has
ample design margin to ensure safe operation. IIB equals 100 nA
at 75 kr(Si) giving a design margin of 3.5x in dose. However,
these devices are dose rate sensitive and exhibit ELDRS. Since
this device will be subjected to low dose rates in this orbit, the
high dose rate curve does not provide a valid assessment. If we
examine the low dose rate curve (see Figure 5), I1B degrades to
100 nA after accumulating a dose of 10 krd(Si), causing the
system to fail after 4.75 years of operation. Remember, that this
was a simple example to demonstrate the importance of

identifying devices that exhibit ELDRS.
E. Process Analysis of LM 124

As stated before, the Class-S LM124 is less sensitive to
ionizing radiation than the standard LM124A. In light of this,
some simple failure analysis techniques were performed on both
devices. Microscopic examination of both die revealed that the
layout and design were similar if not the same. However, the
devices did use different mask sets and were fabricated at
different facilities. This observation is based upon a code
(1902F) stamped on the standard LM124 which used an
underscored F whereas the code (1902F) stamped on the Class-S
LM124 which used an F without an underscore [11]. Another
notable difference between the Class S and standard devices was
their metallization. The metallization of the standard LM 124
was observed to have numerous hillocks; whereas, the
metallization of the Class-S device was observed to be smooth
with little or no hillocks. As stated earlier, the difference in
radiation hardness between the Class-S and standard COTS was
thought to be related to the passivation layer, based upon
information supplied by the manufacturer. Based upon this
information, it was suspected that one of the devices was
fabricated with a nitride passivation layer and the other an oxide
passivation layer. We examined the composition of both
passivation layers and determined that neither device
incorporated a nitride passivation layer. Both devices used a
silicon oxide passivation layer. The difference in radiation
hardness is still unclear, but we believe that it is related to the
quality of the isolation oxide which is known to significantly
influence the total dose response of bipolar transistors.

VI. CONCLUSIONS

An on-going space experiment has successfully monitored
the total dose responses of several bipolar linear circuits for the
past 18 months. These results were presented for the LM 124,
LM139, and PM139. The total dose responses of these devices
obtained using a fixed dose rate in a controlled environment (the
laboratory) correlate to the total dose response obtained using a
variable dose rate in an uncontrolled environment (in space).
The flight data clearly indicate that a low dose rate effect does
exist in space validating the laboratory results. Comparison of
two hardness assurance tests used to screen for ELDRS
demonstrated that the low dose rate test (10 mrd(Si)/s) would
have bounded the space data within the proposed 2x design
margin. However, the elevated temperature test was marginal in
bounding the space data within a design margin of 3x.
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APPENDIX C—MICROELECTRONICS AND PHOTONICS TEST BED GROUND TEST DATA

Appendix C is a compilation of previously unpublished ground test data taken in 1996 in support
of the MPTB board A4.

79



2

Jajybiysep ay} Jo) Abojouyaaj jo samod ay} buissauley

JO| }S9) 9y} Jo abelaAe ejep uosjnaN —
Ajojeiedas paypojd (1ojesedwos/dwe-do) penb yoeg .

S9JIA3P |enpIAIpUI UO B)}Ep U0}Oid pue 09-09) —
2002 93Q ‘shyl Har Aq psjidwod ejeq .
paysijqnd Ajsnoinauad JoAdN

suoJjnaN ba AN | —

29s/(1S)ped | Je suojoid ABIN 002 —

29s/(1S)pe. | je ejep 09-31eqoD —

weiboid SHAT13 VH1a jo Hed se uaye] —

sped 30| Jybil g1dIN uo eyep 9661 e

uoISINIQ JJUBD BIBLIEA) 90BHING

ejeq 3ssl punoio dildiN

80



2

Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

ejeq 29s/(Is)pey | ‘09-09

6€LINT PUe S10D VLN

uoISIAIQ Jajua] aJEMEN) BOBUNS

81



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/22/10 17 DMSN

[(15) spey] esoq [er0L

00009 0000S 0000 O00OOE 00002 0000L 0
T T T T T 02-
e yu 0§ i -veds (+256 90) ¥08 N/S —A—
a Aueipend Mv 56 un_w €82 N/S —v—
. A 0256 20) 01O N/S —5—
P L BEE Nuoneds 1ee1 (o0020) 110 N/S —o—
| s/(S)pey | :@1ey 9soq p -
pueddays :soinos Ao g ms-u pst ]
JIMSN :AMijIoe] 1591 Ea
96/91/21L * ml
<
r ooL- =
(feuoneN) rvyZ LW — 1saL ewwe JMSN
96/22/10 17 OMSN _”A_Wv wUNN_”_ OwOﬁ_ _Naon_n
00009 0000S 0000 O000OE 00002 O0000L 0
T T T T T ONn
e vu 0§ i -00ds (256 20) +08 N/S —&—
8 nuelperd Mv 56 onw €82 N/S —v—
. A 0256 20) 0LON/S —5—
P s NluoneAs 1501 (o002 1DON/S —o—
I-| s/(S)pey | :@1ey @soq 5 -
pieddays :e0n0s o S -t pst Y
DIMSN :A[ioe] 3sa] Eo
96/91/21 :@1eQ 1oL ml
<
=

3 J0lL-

o 4ap
o <4ap

(leuoneN) rvy2 LN — 1S9L ewwed JMSN

96/22/10 17r OMSN

[(1S) spey] oasoq [er0L

00009 0000S 0000 O000OE 00002 O0000L 0
T T T T T 02-
W WU 0§ i -03dg (4256 90) Y08 N/S —&—
3 auelperd (256 50) €L N/S v
- A 0256 0a) OLON/S —&8—
pUeo m_wh\.“,_mq&mum\nnmowmw% (00x2a) 11O N/S —©—
|| s/(s)pey L :21ey asog i -
pieddays :90.nos o S - sL w
DIMSN :Au[ioe] 3sa] Eo
96/91/21 :1eqisal g=
<
r ooL- =
L L
A
v
(leuonieN) rvy2 LN — 1S91 ewwe JMSN
96/22/10 17 DMSN _”A_Wv WUNZU_ Owoo _Nu.ol_-
00009 0000S 0000 0000€ 00002 0000L 0
T T T T T 02-
e VU 05 ] 3ad st (b256 00) YO8 N/S —A—
v ueipeno ﬁ( A <rkﬁ (vgs6 0) SBLNSS v
3 . 0256 20) OLO N/S —5—
oo gusy gy || 0L LI (RS0 TONA -
| s/(s)pey L :91ey asoq p -
paeddays :e0unog o1 20 ms-ul psL w
JOMSN :Auoe 3891 Ea
96/91/21L i93eQ 3591 g=
g
r ooL- —

0

(09-09)

dq) ‘ebey)ean jnduj "sod - PZLIN

82



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/22/10 17 DMSN

[(15) spey] esoq [er0L

00009 0000S 0000 O00OOE 00002 0000L 0
T T T T T 02¢-
XeW YU 05 i 2ads st- ¥256 00) $08 N/S —A—
Q@ aueipend ﬁz /% ¥256 oaw £8LN/S —v—
- A H0L W 0256 20) OLON/S —&—
o s taouss S (e e 5
| s/(S)pey L :@1ey @soq g - W
bieddos 9505 | | o g ms psi- ¢
DOMSN :Al|Ioe4 1831 Mum
96/91/21 -3
—_
<
- 00L- =
e
% ES A
v v v
- o—o0 o
(feuoneN) rvyZ LW — 1saL ewwe JMSN
96/22/10 L IMSN
[(S) spey] @soq [eio)
00009 0000S 0000 O000OE 00002 O0000L 0
T T T T T 02-
ENVU0S A oots sy ¥256 90) 408 N/S —&—
N M| (256 20) £82N/S —v—
BuBl) - JMSN :Ag paisal oL | T 0256 20) OLON/S —5—
olbe3 :waisAs 158 /” oL (Jox 2@) LI N/S —©—
I-| s/(S)pey | :@1ey @soq B - w
paeddays :92.nog W oG mys-ul pSt g
DIMSN :A[ioe] 3sa] 2
96/91/21 @egisaL ]
g
r 00L- =

(leuoneN) rvy2 LN — 1S9L ewwed JMSN

96/22/10 1 DMSN

[(15) spey] esoq [er0L

00009 0000S 0000 0000€ 00002 0000L 0
T T T T T 02-
X vu 0§ _ywir -oads si- v256 20) 08 N/S —4A—
5 Auelpend ﬁz /FH ¥256 onw £8LN/S v
) ; M A {02s69a) 0LON/S —B-
pueio SN, Ag poreol s Tor [ G20 1N o
| s/(S)pey | :e3ey esoq i -
pieddays :201n05 oI Sofg ms-ul pst
JOMSN_:AMioe4 150
96/91/21 ®3eqaisaL
- 001~

(leuoneN) rvyZLW1-- 1saLl ewiwes JMSN

96/22/10 1Ir DMSN

[(1s) spey] asoq [eroL

00009 0000S 0000 0000E 00002 0000l 0

T 02-

Xe VU 0§ Hwr “oads
Y :uelpen)

puel) - JMSN :Ag pa1sa L
9|be3 :wa1sAS 159
s/(1s)pey | :91ey 8soq
pieddays :92un0s
JOMSN :AM[1oe4 1S9
96/91/21 ®eqiseL

J0€
UNou1) seig nyis-uj

56 00) 08 N/S —A—
S69Q) €8LN/S —v—
56 00) 0LON/S —8—
000 30) 131 N/S —0—

PSlL-

OoL-

0

NEGATIVE
Ib

[nA]

NEGATIVE
b

[nA]

(09-09)

uqj ‘abeyean jnduj "6aN - PZLINT

83



Jajybiyiem ayjp Joy Abojouyoa] Jo1amod ay} buissauley

L6/TT10 LI DMSN L6/TT10 LI DMSN
[(s)spey] asoq [er0L, [as)spey] asoq [eroL

00009 00008

0000+ 0000€ 00002 00001 0 00009 00008 0000+ 0000€ 00002 00001 0
T T T T T 0g- T T T T T 0g-
[ EET— X VU O] i 0ads .
(F256 2Q) HO8 N/S —A— (PZ86 D) POSN/S —A—
a usipnd (F756 D) £8L N/S —g— O uIpend (F1S6 20) £8LN/S —7—
Que1) - DMSN A€ PAIsaL (0286 D) 010 N/S —B— auer) - DMSN Ag paisaL :«N.m.a 20 010N/S —F—
- aifeg wasAs 1saL (XXX D@) PONS —o— | 4 07~ - oifeq wasAs 153l (XXX 3a) PONS —o—| o 02~
s/(1S)pea | o1y 2501 s/(1g)pey | 1orey asoq
09-0) pa a0mmog 09-0) paeday
DOMSN e 159 ;
96/91/T1 rAISAL
— —
) )
& &
) )
Z 2
- =4 01 - =401
(114 (114
([euoneN) LVHZIIAT - 1S9L 09-00 DISMN ([euoneN) rVHZIINT - 1S9L 09-00 DDSMN
L6/TT10 LI DMSN L6/TT10 LI DMSN
[(S)sped] asoq 1er0L [(s)sped] asoq 1er0L
00009 00008 0000+ 0000€ 00002 00001 0 00009 00008 0000+ 0000€ 00002 00001 0
T T T T T 0g- T T T T T 0¢-
XN VU 01 Xe VU O] -0adg
(4256 DQ) P08 N/S —A— v aueipend) (4286 DQ) YO8 N/S —A—
($286 2Q) €8LN/S —v— (¥256 DA) EBLN/S —g—
Que1) - DMSN A€ passaL (0286 D) 010N/S —B— Que1) - DMSN A€ passaL 076 D) 010 N/S —F—
- 2[3eq WA 1831 xxxx @) mNS —g— | 1 0T - a[feq wasks 189L. (x5 NS —o— | o 0T
s/1g)pey | vy as A s/1g)pry | ey asoq AN
09-0D predayg :201n0g oy serg mys-up 09-0D predayg :201n0g noy serg mys-up
DOMSN 2 131 DOMSN :Kjioe 131,
96/91/T1 A ISAL 96/91/T1 R ISAL
o 401~ o H401-
° o
Z Z
) B
2z 2z
—80
o 101
(114 (114
([euoneN) rVHZIINT - 1S9L 09-00 DDSMN

(feuoneN) CVHTIIAT - 1531 09-00 DISMN

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(09-09J)
so] ‘yuaiind 39s310 - YZLINT

84



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

26/22/10 17 DMSN

26/22/10 L7 OMSN [(1S) spey] esod [e10L [(1S) spey] @8soq [e10L

00009 0000S 0000 0000€ 0000C¢ 0000L oN b 00009 0000S 0000 0000€ 0000C¢ 0000L oN b
T T T T T - ] T T T T T - ]
NS NS
*2dg 30N 31 -0ads (¥2S6 20) ¥08 N/S —A— 2, *2dg 30N 31 -0ads (#gS6 00) $08 N/S —A— 2,
Q fueipend (v2S6 0a) €82 N/S —v— P O 1uepend (7256 20) €8LN/S —v— Py
alie)y - JMSN :Ag parsal (0256 20) OLON/S —&— £ ol - JMSN :Ag porsal (] %wUnv OLON/S —B— £
ojbe3 :waisAs 19| (pox2d) IO N/S —©- -3 i3 :LsIsAS 1551 (%0 20) 110 N/S —©— &
[ |S/(1S)pey L :21ey asoq q1l- 2 I [s/(s)pey | @3y 850Q 41- 2z
09-0) pJedays :901n0g ANou) seig nyis-uj K 09-0) pledays :a3unog ANou) seig nyis-uj K
DOMSN :Ajioeq 3sa) v DOMSN :Aujioeq 3sa) w
96/91/21 :91eq1saL 96/91/2L :91eQ1saL
- 10 - 10
& & & ~——a o < 6 —6—b6—8t—20
- 11 - 11
4 4
(leuonen) rvyZLW1-- 1S9L 09-00 DOMSN (leuonen) rvyZLW1-- 191 09-00 DOMSN
26/22/10 L IMSN [(1S) spey] osoq [e10L 26/22/10 L IMSN [(1S) spey] osoq [e10)
00009 0000S 0000%¥ 0000€ 00002 0000L ON b 00009 0000S 0000 0000€E 00002 0000L ON b
T T T T T = =] T T T T T = =]
NS NS
AN - - (956 00) $08 N/S & W. "02dg 30N :jiuir “oads Si- (¥gSe 0a) ¥08 N/S —4— .N.
) | Tyop] [ ) | G e Lpctu] sy |
. — .
SeiD - JMSN (A8 poiseL "ol gﬁ: (oox20) 11D N/S —0— & e QUSN, 49 parcel ot gﬁ: (oox20) 11D N/S —0— &
[ [s/(1S)pey | :93ey asoq x0€ q1l- 3 I [s/(S)pey | :@1ey 8soq MY 41- 2
09-0) pJedays :921n0s ANnou) seig nyis-uj K] 09-0) pJedays :921n0s ANou) seig nyis-uj @
DDMSN :AMjIoeS 1801 7] DDMSN :AMjIoeS 1881 w
96/91/21 ®¥eqisel 96/91/21 ®¥eqisel
- 10 - 10
¢ [———— —1
- 11 - 11
Z Z
(feuoneN) rvy2LW1-- 1s8L 09-00 DIMSN (leuoneN) rv#ZLW1-- 1s8L 09-03 JOMSN

(09-09)
ajey MIIS - PZLIN1

85



Jajybiyiepm ayy) o) Abojouyda] Jo1amod ay} buissauey

L6/TT10 LT DMSN L6/TTT0 L1 DMSN
1(s) speyl asoq 1esor, 1(s) spe| asoq 1oy,

00009 00008 0000¥ 0000€ 00007 00001 0 00009 00008 0000% 0000€ 00007 00001 0
T T T T T s T T T T T S
XEN AW T ) 2adg (#7856 DA) PO N/S —A— e AW T snwr 9adg (b756 D) POSN/S —A—
a-s ey (TS6 D) €8LN/S —v— D fueipendy (756 D) €8LN/S —v—
L R (0286 D 010N/S —&— | | P | (0786 D) 010N/S ——| | .
aue1) - DMSN :Ag paisaL (XXX D) PO N/S —— auei) - JMSN :Adl pawsaL, (xxxxD@) BON/S —©—
afeq waskS 1sa], oFeq twaskg 1sa),
s/(1S)pey [ 1wy o j0e s/(1s)pey o€
09-00 predayg :a0mog o serg ms-up 09-00) pieday nan serg nys-up
- DOMSN A -4 € - DIOMSN - €-
96/91/T1 96/91/T1
< <
=} =}
2 2
B B
= =
o 40 + H0
I 1
(reuoneN) FVHZIIAT - 3891 09-00 DDMSN (reuoneN) FVHZIIAT - 159L 09-0D DDASN
L6/TT10 LIl DMSN L6/TT10 L1T DMSN
1(s) speyl sseq 1eror, [(s) spe] asoq 1oy,
00009 0000S 0000¥ 0000€ 0000Z 00001 0 00009 00008 0000% 0000€ 00007 00001 0
T T T T T s T T T T T s
XeN AW T ) -2adg (#7S6 DA) 08 N/S —A— Xe AW 7 nwir 9ads (b756 D) PO8N/S —A—
g aueipeng) (¥786D0) E8LN/S —g— Vv aueipend) (¥756 DQ) €8LN/S —v—
| oueo - omsN e pawar 0256 50 010NS —51— | | p- E | ey - o o6 posar 256 00 010Nis ——| | 4.
- Q_an— waISAS 159, (CXXD0 PINS —0- T 12)SAS 189, (X0 1ONS
s/IS)pey [ a1y 250 Yog any aso
09-00) paed: nau) swg mis-up ;00108
- DOMSN 4 ¢ L 9041591 ¢
96/91/T1 e ISAL 96/91/T1 2R ISAL
<
=}
2
L 4 =
8
=
© © © © © © o—4
- 41-
v v————%v v v 5 —
+ H0
I = I
(reuoneN) VHTIIAT - 3891 09-00 DDMSN (feuoneN) FVHZIIAT - 159L 09-0D DDASN

UOISIAI] Jajua] BIEUEM SIELNS

(09-09)
so/ ‘ebe}|oA 39SHO - PZLINT

86



@ Jajybiyiepm ayj} Joj Abojouyda| Jo1amod ay} buissauley

L6/TT/10 L'If DMSN

[(1S) spey] aso( w10,

00009 0000¢ 0000 0000¢ 0000 00001 0
MI
I I I I I

XeJA VW ¢ rwr] -0adg
V ueipen)

(#7256 DA) 08 N/S —A—
#7S6 D@ €8LN/S —v—
(0256 D@ 010N/S —&— |4 T-
xxxx D@ BIN/S —O—

aueI) - DMSN :Ag parsoL,

o|Fey :WIAISAS 1S9,

s/(1S)pey [ :arey eso(q

09-0D predays :00In0§

N DOMSN :KJioe 189, d1-
96/91/C1 1 ISSL

J0€
JINOITY) Serg MIs-uy

1

|

(=]
[Va] S9p

(reuoneN) PVHZIINT - IS9L 09-0D DDAMSN

UOISIAI] Jajua] BIEUEM SIELNS

(09-09)
sd] ‘Juaiing Ajddng sjamod - YZLIN

87



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

26/%0/20 11 DMSN _”A_Wv MUNZH_ OMOQ _NH°|_| 26/%0/20 1 DMSN _”A_Wv MUNZH_ OMOQ _NH°|_|
00009 0000S 0000 O00OOE 00002 0000L 0 .z 00009 0000S 0000 O0OOOOE 00002 0000L 0 G
T T T T T = T T T T T 2-
r 1002~ r 1002~
r 0S1L- w r 0SL- w
ka ka
E <0L- m.l_ e 0oL- 2
< <
0s- = - L
) -
..xsz Vu00L W -oads 10 [ W WU Q0L :Mwr -dads 10
a ‘uelpend o D jueipend o
["oUeuD - OMSN :Ag paisa) N Mot 10§ [feyesd - DMSN :Ag paisal N-ot 10S
ajbe3 :walsAS 1s8] AL A\+9 [(QES6 20) S26 N/S —©— ajbe3 :walsAs 1s8] xwf A+9 [(QES6 20) S26 N/S —©—
s/(1S)pey | a3y 9soq 0L 1(ges6 9a) v26N/S —A— S/(1S)pey | ey 9soq 0L 1(Qes6 Q) 26 N/S —A—
L omu.w\os mmﬁwg U.M_umwm e+ (gb562a) 905 N/S v |H001L I 09-00 E&.w; S2omos 82+ (gv56 0a) 90S N/s —v— | 1001
96/91/2L oved 1500 o segmsy | (@456 wm_w m%w um - S e oot wonpsagnusu ({6 wm_w m%w um =
Sl
(se21n8( Fojeuy % [euoneN) r6€LIWT - 3S91 09-00 DOMSN (s@21n8( Fojeuy % [eUOnEN) r6ELIWT - 3591 09-00 DDMSN st
26/50/20 17 IMSN [(S) spey] ssoq [e10) £6/60/10 177 IMSN [(1S) spey] asoq [e1oL
00009 0000S 0000 O000OE 00002 O0000L 0 .z 00009 0000S 0000 OO0OOE 00002 0000L 0
T T T T T = T T T T T mNn
r “002- r “002-
L PsL- = 0SL- o
= =
B2 B2
— “001L- m.l_ — Q0oL- 8
| ,0/?/0/‘/‘# .AMA. .AMA.
I vu 001 A oads 10 I vu 001 A oads 10
g :ueipend oL Vv :ueipend o
[ - B N'—o 10S [ - B
m,sum_mmsumqsbmmmmw a%lﬁ”%«.w (4€S690) 526 N/S —0— SE0 2SN bmmmmw %Iﬁﬂ%ww 0s
s/(1S)pey | :e1ey esoq oL (Q€S620) ¥26 N/S —A— s/(1S)pey | :e1ey esoq o oL
- |09-00 piedays :32.nog 82+ (56 9a) 90S N/S —v—|400L I 09-00 piedays :a0unos 82+ 0oL
DOMSN :AM|IDe4 1881 (856 0a) SOS N/S —8— DIOMSN :AM|IDe4 1581
96/91/21 :218Q 1591 N2 selg nyis-u| O s N2 seig nuis-u|
20) 2 N/S —o— 96/91/21 @1eQ1sdL
Sl
(s@21ne( Bojeuy 3 [euoneN) re€ LN - 1581 09-03 DOMSN (s@21ne( Bojeuy 3 [euoneN) re€ L1 - 1S8L 09-00 DOMSN st

(09-09)
dq] ‘ebey)ear jnduj *sod - 6ELINT

88



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

26/%0/20 11 DMSN 26/%0/20 1 DMSN

[(1S) spey] @soq [e101 [(1S) spey] osoq |e10L

00009 0000S 0000t 0000E 00002 0000l 0 oz 00009 0000S 0000% O0000E 00002 0000l 0 oz
- Q02- - Q02-
3 0SL- w - 0SL- w
2o 2o
ooL- 2 g

- Jos- & =
e =e—g
[ vu 001 A -osds 10 [ vu 001 A -osds 10
a :uelpend oL D :jueipend o
Fayetd - IMSN :Ag paisa) N N-ot 10§ [Faueld - JMSN :Ag peisal N N-ot 10S
ojbe3 :walsAS 1591 301 AN—+9 [(Q€ES6 Q) 526 N/S —0— o|be3 :walsAS 1591 301 AN—+9 [(Q€ES6 Q) 526 N/S —0—
s/(1S)pey | :o1ey asog ot (0€S69a) ¥26 N/S —A— s/(1S)pey | :o1ey asog oL (0€S690) ¥26 N/S —A—
- |09-90 Ema.mr_ 33Inog 82+ (856 2a) 90SN/S —v— (1001 - |09-00 Ema.mr_ :33Inog 82+ (856 2a) 90SN/S —v— (1001
S e el W0y seig mys-ul ( wwmnwm_w mwa um = S e el Wnouy seig mys-ul ( wwmnwm_w mwa um -
Sl Sl
(s921n9Q Bojeuy % [euoneN) reSLINT - 181 09-0D JOMSN (se21n8Q Bojeuy 3 [euoiieN) reé€LINT - 1S8L 09-00 DIMSN
26/50/20 17 IMSN [(S) spey] ssoq [e10) £6/60/10 177 IMSN [(1S) spey] asoq [e10L
00009 0000S 0000%¥ 0000€ 00002 0000L 0 00009 0000S 0000 0000€E 00002 0000L 0
T T T T T Gq2- T T T T T Gq2-
B 1002~ B 1002~
- PsiL- - PsiL-
E E
32 32
poL- 2 2
0s- & g
]
|.xm_2 YU O0L :uwr -0ads 10 |.x W YU O00L :uwr -0ads 10
g ueipend oL Vv :ueipend o
[ayess - A S N-ou 10S Favess - e S N-ot 0S
10 5en wsioks 5oL s(wlﬁuéi (des690) 526 N/s —o- "1 e woraAs el ) Ners
s/(1S)pey | :@1ey asoq H0L (Qes62a) ¥26 N/S —4— s/(1S)PeY | :e1ey esoq A0L
I |09-00 P_ma.m\n;m :92Un0S 82+ (856 2a) 90SN/S —v— (100 L I |09-00 Emaﬂ:w :901n0g 82+ ooL
DM R 100 | i |@15630) SOSNS - MN U IDL || g s
Sl Sl
(seo1meq Bojeuy % [euoneN) re€ LW - 1591 09-00 JOMSN (seo1eq Bojeuy 7 [euoneN) re€ LW - 1591 09-00 JDOMSN

(09-09)
uqj ‘abeyean jnduj "6aN - 6ELINT

89



Jajybiysepm ayy) Joy Abojouyda] Jo 1amogd ay} buissauey

L6/PO/Z0 L1F DMSN

[(1S) spey] asoq [eroL,
00009 00008 0000% 0000€ 00002 00001 0

XeN VU ST
a

wry oadg
eIpeng)

uex) - DMSN 48 parsaL
oye 1woysAg 189
SS)prad 1 oy soq

oy sergg nys-up

1eq 1891

T T 0¢-

& = % —¢0

(s90189(] Sofeuy 29 [BUONEN) L6ETIA'T - IS9L 099D DSMN

L6/P0/Z0 16 DMSN

[(1S) spey] 9soq ejoL

00009

LO/F0/T0 LI DMSN.

[(19) spey] 9so( w101,

00008 0000¥

0000€

00002

Xe VU 7 amry 9adg
g auepend)

auei) - JMSN Ag pawsaL
a[deq wAISAS 1SL
s/1S)pe | :oney 250
0900 predays 2010
DDMSN :Anjoed 19L
96/91/T1 AW ISAL

1maI) sergg mys-up

00009 00008 0000+ 0000€ 00002 00001 0
T T T T T 0¢-
L Js1-
% o N o
————# # g—0—-0 .
o
3
)
=
L EEL
X WU §g i oads
5 auepeng)
Que) - DMSN. :Ag paIsaL. N
- e twaskg 180] (0£56 D) sL6 Nis —o— | ¢
SOSPR 1wy 950 (0£56 D) PL6N/S —A—
0900 piedoyg 20108 8T (8956 D) 908 N/S —7—
DOMSN Aujey 1saL [P — (856 0Q) SOSN/S —a—
96/91/T1 1A IAL - (xxxx D) VON/S —5—
Eig
(592149 Sofeuy 7 [BUONEN) LEETIN'T -~ ISOL 090D ISMN
L6/E1/10 LI DMSN
1(1S) spey] asoq reroL

00009 00008 0000+ 0000€ 00002 00001

0

0g-

—
=]
3
)
=
EEL
(0£56 20) sL6 /s —o— | ¢
(0£56 DA) PLON/S —A—
(8956 D) 908 N/S —7—
(856 D) SOSN/S —a—
(XXX D) VIN/S —o—
4
00001 0
T T 0¢-
4 s1-
—
°
%
)
=

(s901A9(1 Bofeuy 2p [BUONEN) L6ETIN'T - ISL 099D DSMN

(0£$6 D) SL6 N/S —o— | | 0€
(0£56 DA) PLON/S —A—
(8756 D0) 908 N/S —5—
(856 D) SOSN/S —&—
(XXX D0a) VON/S —©—
g

[vu] %91

BN VU ST
auel) - DMSN. A€l paisaL (0£$6 D) SL6N/S —&—
o o[3eq wasAg 183, (0856 Q) PL6 NS 4 0¢
s/(1S)pe | ovey asoq - iy
fosion e 7
DDMSN 41591 o serg us-up (X 5D B NS
96/91/21 e SaL o
i

(592149 Sofeuy 79 [BUoNEN) FEETIAT - 3891 090D DSMN

so] ‘yualing 3}3s}j0 — 6ELINT

(09-09)

UOISIAIQ J2)U2D) BIBLEAN BIELNS

90



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

26/0/20 L% IMSN [(1S) spey] esoq [e10L 26/%0/20 L% IMSN [(1S) spey] esoq [e10L
00009 0000S 0000 0000€ 0000C¢ 0000L 0 00009 0000S 0000 0000€ 0000C¢ 0000L 0
T T T T T o > T T T T T o >
) )
© ©
a a
-3 -3
F 1002 [ F 1002 [
o o
- por ¢ g
E E
w w
g g
—§ —8 & — §— 4 m_ m_
- Qpo9 = =
UBAID JON Wi 0adsg UBAID JON :wi 0adsg
a :uespen) D fuespen)
ayes) - JMSN :Ag paisal v_@frof ales) - DMSN :Ag paisa) v_@frof
o o|be3 :WeISAS 359 3oL -9 [(Q€S6 0@) S.6 N/S —— HOO8 o o|be3 :WeIsAS 359 %01 -9 [(Q€56 0@) S26 N/S —— HOO8
s/(1S)pey | :oiey asog oL (QES6 Q) 26 N/S —4— s/(1S)pey | :oiey asog oL (QES6 Q) 26 N/S —4—
090D piedays :a0un0g 82+ (856 20) 905 N/S —v— 090D piedays :a0un0g 82+ (856 20) 90§ N/S —v—
DOMSN :Aujoeg 1sa 1 g (8¥56 2a) SOS N/S —&— OOMSN_:AMlIoed 3531 g (856 20) SOS N/S —&—
96/91/21 °1egisaL unoa selg ns-uj 00Kx DA) 230 N/S —6— 96/91/21 °1egisaL UnouI serg ns-u 00Kx DA) 23D N/S —6—
0001 0001
(s921n9Q Bojeuy % [BUONEN) F6ELINT - 1531 090D IMSN (s921n9Q Bojeuy % [BUONEN) F6ELINT - 1531 090D IMSN
26/50/20 17 IMSN [(S) spey] ssoq [e10) £L6/EL/10 177 OMSN [(1S) spey] asoq [e10L
00009 0000S 0000%¥ 0000€ 00002 0000L 0 00009 0000S 0000 0000€E 00002 0000L 0
T T T T T o > T T T T T o >
ot ot
[} [}
a (=]
g a
- oz 8 - oz 8
o o
- por £ - por £
g g
— — 5B §—§ e e — — — g
- . G— S— — a— .m_ F———e— 9 — V\MEPEWH&” .m_
B 1009 = B 1009 =
USAI9 10N Wi 0ads USAID 10N Wi 0ads
g :ueipend Vv :ueipend
A01 A01
aliel) - DMSN :Ag peisal / N—o1 aliel) - DMSN :Ag peisal N—o1
- LERRITSEN -9 [(0£56 20) S26 N/S —0— 1 - Be3 :waisk / .o [(0€56 20) S26 N/S —0— |
s/iopen 1 oney 9508 ot W | dEce o0 rzenrs - | 1008 s/iapen 1 oney 2508 ot M | dese s veens 4 [008
0900 Emnmx;m :90In0S 82+ (8¥56 2a) 90S N/S —v— 090D Emnmx;m :901n0S 82+ vamm un_w 905 N/S —v—
:AM|1084 159, :AyIj10e 4 159, 56 2d) SOS N/S —8—
it | | s [EEBME T A | o [ MR
0001 0001

(sed1naq Bojeuy @ [euoneN) r6€ LINT -- 3s3L 0909 DMSN (sed1naq Bojeuy B [euoneN) r6€ LINT -- 3s3L 0900 IMSN

IAIQ] Jajuas) aJEMEN @0BLNS

(09-09)
Aejoqg doid - 6SLIN

91



Jayybipiem ayjp Joj AGojouyaa] Josemod ay} buissauley

L6F0/T0 L6 OMSN.

[(s) spey] ssoq 1oy,

L6/F0/Z0 116 DMSN

[(1S) spey] 3soq e10L

00009 0000S 0000+ 0000€ 0000T 00001 0 00009 0000S 0000% 0000€ 00002 00001 0
T T T T T s T T T T T s
B Vv A ANE— v v v—v—Y [ ¢ v v v v v—v
fm! v s “a = IW\ o e &
N Val = Jo B Val Jo
=} o =} o o—a—a—1 =) o o o o—a—a—1
/ < / <
/ g / g
/ —_ / —_
/ E] / E]
/ < / <
/[ e Awg /[ e Awg amur 2ads c
I 2 e r S e 18
Quer) - HMSN :Agl paIsaL, auer) - DMSN g pawsaL
a1Fed 1wasAs 19L (0£56 0Q) SL6N/S —&— a1 1washs 1591 (0£56 D) SL6N/S —O—
S/(S)pey | a1y 2soq (0£56 DA) PL6 N/S —A— S/(IS)pey | - (0£56 D) PL6 N/S —A—
090D paedayg :22mog 82+ (856 D) 908 N/IS —y— 090D piedoyg (856 D) 908 N/S —v—
DOMSN o8 152, (8rS6 D) S0SN/S —HF— DDMSN 41821 o (8¥S6 DQ) S0SN/S —B—
D601/21 o oL ot sergg ms-ug o e o D601/21 ol oL o) seig nuss-uy 0 50 DN o
or or
(s90140(1 Bofeuy 29 [BUONEN) 6ETIN'T -~ IS9L 099D DMSN (s90189(1 Bofeuy 27 [BUONEN) LGETIA'T -~ IS9L 099D DASN
L6/H0/T0 ITT DMSN LO/ET/10 L0 DMSN
1(1s) spey] asoq 1esoL 1(19) spex] asoq reroL
00009 0000S 0000+ 0000€ 0000T 00001 0 00009 0000S 0000% 0000€ 00002 00001 0
T T T T T s T T T T T s
o o = = & o—a—f
- A A A A A A A4
| s A A A A A A4
e — S —3 —
E 8 8 2 &—2—&—8—2 L o b4 14 b — — — — |
S —
< <
° o
@ — v v A AE— v Vv -
g g
< <
A A— A ZNE— . v v = =
L[ e aws s oads 1 L[ e Aws anur -oeds dg
d aueipend) v aueipend)
auer) - HMSN :Agl paIsaL, aue1) - DMSN g pawsaL
a[fed wasAS 1saL, (0£56 D) SLON/S —— o[Feg walsAg 18aL, (0£56 DA) SL6 N/S —o—
s/is)pey | :21ey asoq (0£56 D) PLON/S —A— s/1S)pey | ey asoq (0£56 DQ) ¥LON/S —A—
090D predayg :921mog ST+ (8456 20) 90S N/S —y— 0900 piedoyg :20mog (8rS6 D0) 908 N/IS —g—
DOMSN : (856 D) S0SN/S —F— e 1591 i} (856 D) S0 N/S —5—
96/91/21 u (XXX D) DI NS —G— 96/91/21 2 2L s (XXX D) DO N/S —8—
or o1

(592149 Sofeuy 29 [BUONEN) 6ETIAT - ISIL 090D DASN

(s93149( Sofeuy 29 [euoneN) LGETINT - 391, 090D DAASN

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(09-09)
SOA ‘obe}|on 39530 - 6ELINT

92



\@ Japybiyiepm ayjp Joy AGojouyda] Jojamod ay} buissauiey

L6/S1/10 ITf DMSN [(1S) spey]| aso( oL

00009 0000s 0000¥ 0000€ 0000 00001 0
0
I I I I I

o
g
721
- - N m
2
XeN VW g mur] -oadg
VvV ueipen)
i PR d¢
QueI) - DMSN :Ag paisaL 01 ( )
oiSeq :waysAS 9L, - 0€S6 DA) SL6 N/S —&—
s/(IS)PRY 1 918y 950( 01 (0€S6 D) ¥L6N/S —A—
0900 piedaysg :90mog 8T+ vama UQW 90S N/S —v—
DIOSMN :Ajroe] 1s9, ] 8¥56 DA) SO0S N/S —1—
96/91/T1 1R 191 o SHE (XXX D) VIN/S —O—
14

(s99149( Sofeuy 2 [euoneN) LETINT - IS9L 090D DSMN

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(09-02)
sd] ‘Juaiing Ajddng sjamod - 6€LINT

93



2

Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

(e4e4 pue aAlsuadxa si ejep uojo.ud ajes asop moT)

ejeq 29s/(I1S)pey | ‘uojoid AN 002

6€LINT PUE S10D VLN

94



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/2/2L L0 OMSN 96/2/2L L1 IMSN
[(1S) spey] esoq [eaoL [(1) spey] esoq |eroL
00009 0000S 0000+ 0000E 00002 0000L 0 o 00009 0000S 0000~ 0000€E 00002 0000L 0 0
T T T T T Z- T T T T T 2-
Xep YU 0§ Hwi ©9ads X YU 0§ Hwi "09ds
- 2146 20) [03U0) —v— * 216 20) 040D —w—
a auelpend s1- 3000¢ D) 8LO N/S — = 5 Aueiperd st- 3000(50) 8LO N/S —&—
2pPoD - VSYN ﬁe /LV b000 D) §20 N/S — @ 2ppoo - VSN ﬂ& N b0 20) 520 N/S —8—
QUBI) - JMSN :Ag paisal 3oL A poox 9@) 900 N/S —©&— BUBI) - DMSN :Ag paisal M AN poocx ) 900 N/S —©O—
| o|be3 :waisAS 1581 si+ oL pooox 30) 600 N/S —0— | )G |- L o[be] :WaIsAS 1591 si+ oL poox 30) 600 N/S —0— | G |-
! w\%@umm w %umw%wwm kA (0256 00) ZEON/S —&— 5 ! MU\%mvnwm _o %Umw%w_wm Nk Mowmm on_w 2E0 N/S —A— 3
U id ABIN-( YARCe U 1d ASN-I PARC S
s | okl |EEBISNE 1| o SRR | ol GRS S| o
96/9L/11 91eqisoL (#256 20) 208 N/S —©— — 96/91/11 :9eQIseL (%256 20) 208 N/S —©— —
2 <
pOL- = DoL- i
0S-
v v v v —v
0
(leuoneN) ryy2ZLW1 - 1sa1 uooud ni (leuonieN) rvy2LIW1 - 1saL uoloid ni
96/2/2L L7 OMSN 96/2/2L L IMSN
[(1S) spey] ssoq [eaoL [(1S) spey] esoq [eloL
00009 0000S 0000+ 0000€E 00002 0000L 0 o 00009 0000S 0000~ 0000E€ 00002 0000L 0 0
T T T T T 2- T T T T T -
XeW YU 05 ) -oadg 2156 D0) 1013U0) —y XEN WU 05 Wi “2ads 2106 90) [0aucy
g nuelpen) - xxxxonw 8LON/S —=— v Aueipent poox 3a) 810 N/S —=—
dieppos - vswN W i% pooaq) S20N/S —o- diebpos - vswn b0 3A) §20 N/S —®
auel) - JMSN :Ag paisa) A0L AN % 20) 900 N/S —o— auel) - DMSN :Ag paisal oo 3a) 900 N/S —&—
| ojbe3 :weisAS 1591 si+ oL Jd) 600 N/S —0— DS 1- | sibe3 waisks 158 poocx 50) 600 N/S 90— | g | -
s/(15)pey L i%iey 250 ok Mm wmm %W N_mw u“m “ m s/(s)pey L 12y o500 e Mommm un_w ZE0N/S —A— m
suojold NS~ :924N0¢ [sU030.d ASIN- 18210 ¥ Q256 20) LEON/S
41 Aujoey 191 WA SEF MU | (14256 9a) 508 N/S —E— g2 Nl - o segnusy | A2 ID conNrs G2
96/9L/LL eQ1seL (4256 20) 208 N/S —©— m.l_ 96/91/LL :eqisel (256 90) 208 N/S —0— m.l_
2 <
00L- = noL- =
- oml
0
(leuoneN) rvZ L1 - 1seL uoloid N (leuonen) rvyz LW1-- 1s81 uoioid N

(uojoid ASIN-002)
dqj ‘seig jnduj "sod - yZLINT

95



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/2/2L L0 OMSN [(1S) spey] esoq [210L 96/2/2L LT OMSN [(1S) spey] ssoq |eroL

00009 0000S 0000+ 0000E 00002 0000L 0 o 00009 0000S 0000+ 0000€E 00002 0000L 0 o
T T T T T Z- T T T T T Z-
XB YU 0§ i "0ads Xep YU QS Hwi] ©oads
a :uespen) o 21¥6 ow": [03U0) —w— 9 fueipend o 2L¥6 om_v |03U0) —y—
g poox 3d) 8L0 N/S —m— ‘ poocx d) 8LO0 N/S —m—
ePpog - YSUN ﬁ /LV 300X Q) §20 N/S —0— Fieppo9 - vSYN ﬁz >LV 3000 Q) §20 N/S 0
duen) - IMSN A paasal W ST hoocx 5@) 900 N/S —o— 3uen) - IMSN A paasal AL | A hooox @) 900 N/S —O—
L |be3 :WaIsAs 1591 1+ [y0L i - L ajbe3 :weisAs 1saL 1+ 301 4 -
s/(1S)pey | 318y 3soq oo 20) 600N/S —6— | DS L~ & s/(1S)pey | 918y 3soq N o0 00) G0ON/S —o— | PS L~ &
5U0301d ASW-00Z :994N0S A0€ (256 00) ZEON/S —4— ca SU0Y0Id ASN-00Z :29IN0S N0E (0256 2@) ZEON/S —A— Eq
Jont K UN2A) selg nyis-ul (0256 50) LEON/S —v— ml 10n1 :Aaifoed 1881 a1 selg nyis-uj (256 2a) LEON/S —v— ml
96/91/LL e 3saL (4256 00) SO8 N/S —5— z (256 20) 08 N/S —E— g
(1256 00) 208 N/S —©— M. (256 20) 208 N/S —©— M.
c c
PO L- — PO L- —
(leuoneN) rvie L1 - 31seL uoloid N (leuoneN) rvi2 LIN1 - 31seL uoloid N
96/2/21 LT IMSN [(1S) spey] ssoq [eI0L 96/2/2L LI OMSN [(1S) spey] ssoq |eroL
00009 0000S 0000+ 0000€E 00002 0000L 0 00009 0000S 0000+ 0000€E 00002 0000L 0
T T T T T ONn T T T T T ONn
Xey YU 0§ Jwir "2adg Xep YU 0§ Hwi] oeds
N 2L¥6 20) [043U0) —w— . 2L¥6 20) [01U0) —w—
8 Auelpeno W o1 xxxanw BLON/S = v UEIPEND st- xxxxon_w 8LON/S —=—
Aeppo9 - ¥SYN /,FH y000(0Q) S2ON/S —o— Aeppo9 - ¥SYN ﬁ /,FH oo 90) §20 N/S —&—
SUe1) - JMSN :Ag pa1sa) oL AN poox 90) 900 N/S —S— BUEBI) - JMSN :Ag peisa) 3oL AN pooxx 90) 900 N/S —&—
| 9|6e3 :wo1sAg 159 St+ oL poox 30) 600 N/S —0— PSL- w | 9|6e3 :wo1sAg 159 SL+ oL OO 2d) 600 N/S —©— 0SL- w
s/(1S)pey _o o_ﬁmm mwom ok MMNMM wnw mmw z“m A 2 s/(1)pey _o o_Emm mwom Mk Mcumm on_w 2EON/S —A— Z
Su0101d ASN-00Z :924N0¢ 2 a) LSON/S v el SU010Id ABW-00Z :99.N0 0256 20) LEON/S —v— e
Wnou seig nys-uj (Hoee 50 508 N/s ml o) seig nyis-uj (oee 30 soan/s o ml
(4256 20) 208 N/S —©— . (4256 00) 208 N/S —©— .
3 3
POL- — pOL- —
v
(leuoneN) rvi2 LW1 -~ 31seL uoloid N (leuoneN) rvi2 LW1 - 31sel uoloid N

(uojoid ASIN-002)
uqj ‘seig 3nduj "6aN - PZLIN

96



Japybiyiepm ayjp Joy Abojouyda] Jo samogd ay} buissauiey

96/7/T1 L6 DMSN

[(1S) spey] 3soq e10L

00009 00008 0000% 0000€ 00002 00001 0
T T T T T 0¢-
e vu o1 i 2ads
a saueipend) (@196 D) 103U0) —xp—
(XXX @) $10N/S —m—
PIEPPOD) - VSVN (XXX @) STON/S —@—
F| - oued- DMSN Ad pawar (oxxx D@) 900 /s —e— || 0T
SIed WIS 180 (XXX @) 600 N/S —o—
m__oMmh_m_Vme,_moomaMwm:wm e (0756 D) TEON/S —A—
400 ANNoed 1531 o) seig (0286 D) 1E0N/S —5—
% . ($756 0Q) SO8N/S —5—
| 6/9 AR 1SIL o 401~
(b2S6 DQ) 08 N/'S ——
—
=
7
—_
=
2
- - o1
0T
(feuoneN) LVHIIINT - IS9L U0jo1d N
96/T/TI L1 DMSN
1(1S) spe] asoq reror
00009 00008 0000% 0000€ 00002 00001 0
T T T T T 0¢-
e U o1 A 2adg (116 o) 101Uy
 aueped (X Da) $10N/S —m—
(XXX D) STON/S —@—
PIEPPOD - VSVN
L “OMSN A posaL (XXX 5a) 900 NS —o— | ] (-
o[Beq swoysAS 159 (xxxx Da) 600 N/S —O—
pr | oy 9s0(] (0756 2Q) TEON/S —A—
ASN-00T 20108 0286 D) 1E0N/S —o—
; ($756 0Q) SO8N/S —5—
L : (¥786 20 W8NS —o— | 0]~
-
=
3
)
=
0T

(TeuoneN) LVHTIINT -~ 3SOL U030Id NI

96/TTL LT DMSN
[(1S) spea] asoq [eroL
00009 00008 0000+ 0000€ 00002 00001 0
T T T T T

XPA VU1 ] 0adg @16 20) 100D

D auepend (xxXX D) 810 N/S

PIEPPOD - VSVN (xXxx >Q) $70 N/
L aueI) - DMSN :Agl passaL (XXXX D) 900 N/S 4

o

v 1woIsAS 1501

SIS | 21wy asoq

Su0101d ASN-00T *
4001 :

0¢
o110 seigl ns-ug

(0756 DQ) T€0 N/S
0786 D) 1€0 N/S
(756 DQ) SO08 N/S

\<r
+
+
A*
E:u.:soz\m+
JD\
\4!
i*
(v756 DQ) W8 N/S —@—

(feuoneN) PVHZIIN'T - 1SIL uojoid NI

96/7/71 L1F DMSN

00009

[@s) spey] asoq reroL

00008 0000% 0000€ 00007 00001 0
T T T T T
e VU O] ] 2ads (@176 20) 103u0) —y—
Vv queipend (XXX D0) $10N/S —m—
, (XXX DQ) STON/S —@—
PIEPPOD) - VSVN , !
- QURI) - DMSN A€ PaIsaL (xxx @) 900 N/S —o— |
o[ twasAg 15, (XXX DQ) 600 N/S —o—
s/(1S)pey | ovey soq Yo (0786 DQ) TEON/S —A—
SU0j01d AIWN-00T 199108 wnoi swig mis-ug (0286 D) 1€0N/S —5—
ERl N (¥2$6 DQ) SO N/S —B—
| 96/91/11 * (#256 20) 208 N/S —— |

(feuoneN) rVHZIIANT - S3L U0joad NI

0¢-

01

(114

(114

[vu] 1

[vu] %1

(uojoid ASIN-002)
so] ‘yudiind 39s40 - PZLINT

UOISIAIQ J2)U2T) BIBLEAN BIELNS

97



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/2/21 171 IMSN

[(1S) spey] ssoq [eroL

00009 0000S 0000+ 0000€ 00002 0000L 0
T T T T T 2-
*09dg J0N :jwir oads
a uespend 216 20) [040) —w—
poox 3a) 8LON/S —m-—
NS N %00 50) §20 N/S —8—
aueI) - DMSN :Ag paisal
| olbe3 :weisAs 159 %uow 900 N/S —o—| | -
s/(1S)pey | :91ey asoq 20d) 600 N/S #f?
SU010.d ABW-00Z :924N0S (0256 0a) 2€0 N/S
Jon1 Aujioed 1sa] unou seig nys-uj (0256 00) LEON/S —v—
96/9L/LL :®1eQ1sdL (4256 Q) S08 N/S —&—
(4256 00) 208 N/S —©—
M 10
S .
* e L — & ¥
B 1l
[4
(leuoneN) vz LW1 — 3581 Uolold |
96/2/21 11 OMSN
[(1S) spey] ssoq [eaoL
00009 0000S 0000+ 0000€E 00002 0000L 0
T T T T T 2-
*09dg J0N u_.EJ -0adg 21$6 50) [01auo)
8 Auelpend 000 20) BLON/S =
poocx d) S20 N/S —@—
PYepPPOY - VSYN
QuUBI) - DMSN :Ag peise ). poox 3d) 900 N/S —o—
| ojbe3 :weisAs 159 pooxx 3@) 600 N/S —o— | | -
s/(1S)pey | :e1ey 8soq (0256 9Q) 2€E0N/S —&—
SU030.1d ABW-00Z :994n0S (0256 20) LEON/S —v—
40N NS serg ms-ul (4256 00) S08 N/S —&—
96/9L/L1L ¢ (4256 0Q) 208 N/S —©—
M 10
¥ “[W\ = ﬂ § “ ‘“M =

(leuoneN) rvye LW --

189 U03loid |

Slew Rate [V/us]

Slew Rate [V/us]

96/2/21 171 IMSN _”A_WV Wwvﬁzu_ UWOD _Nu.on_n

00001

0

00009 0000S 0000+ 0000€ 00002
T T T T T 2-
*09dg J0N :jwir oads
L 2116 Q) 101U0) —y—
9 Auelpend oo 90) 8LO N/S — -
. poo 3@) 520 N/S —8—
PepPPOY - VSYN
Quel) - DMSN :Ag paisa] poox 3d) 900 N/S —&—
L o|be3 :wasAS 159 pooxx 2@) 600 N/S —o— | | 1-
s/(1S)pey | :e1ey 8s0q Mnmmm on_w ZEON/S —4—
suojoid ASN-00Z :924n0S 0256 0Q) LEON/S —v—
40NI :Auoed 3531 WO ST | (4256 9a) S08 N/S —E—
96/9L/LL :®1eQ1saL (%256 0Q) 208 N/S —0—
- 10
8 g — B ——— = ==
& - 5
L 1l
[4
(leuoneN) rvHZ L1 -- 1s9L uoloid Ni
96/2/21 171 OMSN
[(s) spey] esoq |eaoL
00009 0000S 0000+ 0000€ 00002 0000L 0
T T T T T Z-
09dg 10N Wi -0ads
2116 00) 101u0) —v—
v Auelpeno s o 30) L0 NS -
2bPOY - VSYN ﬁz 2@ poocx D) S20 N/S —8—
Quel) - DMSN :Ag paisal 301 A N poocx DA) 900 N/S —O—
L ojbe3 :weisAs 159 0L poox 90) 600 N/S —0— | | 1-
s/(1S)pey | @iy 8soq (0256 2a) 2E0N/S —4—
[suo3oid ABN-00¢ :2In0S o€ (0256 2a) LEON/S —v—
40N :AMoeS 1591 MO BN (41256 90) SO8 N/S —8—
96/91/11 ®3eQ3IsaL (4256 20) 208 N/S —©—
- 10
¥ « t +——%
L 1l
4

(feuoneN) Mz LN -- 1s81 uoloid NI

Slew Rate [V/us]

Slew Rate [V/us]

(uojoid ASIN-002)
ajey MIIS - PZLIN1

uoIsSIAIg J8Jua) BIBMEN 20BUNS

98



Japybiyiepm ayjp Joy AGojouyda] Jo 1amogd ay} buissauiey

96/7/T1 110 DMSN 96/T/T1 LT DMSN

1(s) spey] asoq [eroL
0000 0000€ 00002

1(s) spey] asoq eroL

00009 00008 00001 0 00009 00008 0000+ 0000€ 00002 00001 0

99

e AW T ] adg
a sueipend)

PIEPPOD) - VSVN
aue1) - DMSN A parsaL
o[feq wasAs 1saL,
s/(1g)pey | ey aso(q
SUOI0IJ AIN-00T 20108
4001 :Aupoe 1o,
96/ R ISOL

(@1¥6 D@ 10u0D
(XXX D@) 810 N/S
(xxxx D) STON/S
(XXXX D) 900 N/S
(xxxx D) 600 N/S
(0786 D) €O N/S
(0786 DA 1€0 N/S
(¥756 DA) SO8 N/S
(¥T$6 DA 08 N/S

399144444

(feuoneN) LVHIIINT -~ 1531 uojoid NI

96/7/T1 L6 DMSN

00009

00008

0000%

[@s) spey] asoq reroL
0000€

0000T

00001

e AW T iy 0ads
g nuexpend

PIEPPOD - VSVN
auel) - DMSN :Ag paisa),
o[fey wAsAS 1531
S/IS)PR 1 -one 5o
SU0I0IJ AIN-00T :301N0§
40N1 B ISAL
96/91/11 2 IsaL

A0€
Jnouy sergg mys-u

@16 DQ) 104u0)
(xxx D) 810 N/S
(XXX D0) $70 N/S
(xxx >0) 900 N/S
(XXX ) 600 N/S
(0286 D) TEON/S
(0756 2Q) 1€0 N/S
(b2S6 D) SO8 N/S
($756 2Q) T08 N/S

99944444

(feuoneN) LVHIIINT -~ 1591 uojoid NI

[Aw] A

e AW T 9adg
5 nueipeng)

PIEPPOD - VSVN
auei) - JMSN A€ passaL,
aiFeq wosAS 1saL.
s/(1g)pey | o1y asoq
SUOI0IJ AIN-00T 2010
A0N1 Aupoe 1oL,
1eq 1891,

(2196 D) 109U0) ——
(xxx 30) SI0N/S —m—
(XXX Q) STON/S —@—
(XXX D) 900 NIS —e—
(XXX D) 600 N/IS —o—
—A—
-V
—a-
—o-

(0286 D) TEON/S
0756 2Q) 1€0 N/S
(756 2Q) SO8 N/S
(¥756 DA) 708 N/S

[Aw] A

(1euoneN) PVHTIINT - ISIL U0)oid A1

96/T/T1 LIF DMSN

00009

00008

0000¥

1@s) spey] asoq reroL
0000€

00007

00001 0

YO AW T ] 9adg
v aueipend)

PIEPPOD - VSVN
aues) - OMSN Ag pasal,
o|eq
ey | -
SUOIOL AJN-00T 201108
A0NT A 1oL
96/91/11 2181 121,

T s

(@196 2Q) 10u0D)
(xxxx @) 810 N/S
(XXX D) ST0N/S
(xxx D) 900 N/S
(XXX D) 600 N/S
(0286 D) TEON/S
0756 2A) 1€0 N/S
(b286 D) SO8 N/S
(756 DQ) 08 N/S

49144944

[Aw] A

(feuoneN) LVHIIINT -~ 1591 uojoid NI

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(uojoid ASIN-002)
SO ‘9be}JoA 39sHO0 - YZLINT




@ Jayybipiem ayp Joj AGojouyaa] Jo 1Mo ay} buissauley

96/2/Z1 L1 DMSN [(1S) spey] 9so( e10].
00009 0000< 00007 0000€ 0000¢ 00001 0
T T T T T ¢
v ﬂﬁw%wmw (X176 D) 103U0) —y—
(XXXX D) 8T0N/S —m—
- pIeppon - YVSVN AN%NN oﬁ—v S0 N/S @ | 4 NI
Quel) - DMSN Ag pasaL, (xxxx D) 900 N/'S —6—
J[8eq :woISAS SO (XXXX D) 600 N/'S —&—
s/(IS)pey 1 :91ey 950 e (02S6 D@ TEON/S —A—
su0j01d ASIN-00T :99IN0S (07S6 DA) TEON/S —7— -
B 40N Ao IsaL 1D SR T (b756 DA SO8N/S —3— | | !
96/9T/11 *o¥ed 5oL (#2756 @) 08 N/S —O— —
&
- <40 m_
>
e

- 1t

(TeuoneN) CVHIIINT - 1S3 uojoxd NI

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(uojoid APIN-002)
sd] ‘yuaaing Ajddng sjamod - yZLINT

100



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/92/1L LIr IMSN

[(1s) spey] ssoq [eroL

00009 0000S 0000+ 0000€ 00002 0000L omN

FIxew wu ool s oeds 0
R ER T
. N ! |(Zes6 3a) 888 N/S —@—
ePpo! A .
e YoMSN iAg posaL 01 W |(@bs6 2) 295 N/S —o- |08
a|be3 :waisAs 158 a2+ (8956 20) L9S N/S —0—
s/(1S)pey | @3y 8s0Q (856 2a) ¥0S N/S —4—
[7|Su0304d ASW-002 :93Inog o serg ns-ul (856 2a) €0SN/S —v— | 1001
DN1 :Apoeq 1sa) (Qes6 2a) 866 N/S —&—
96/91L/11 9edisal nmmmm J0) S66 N/S —©—

(sed1n9 Bojeuy % [euoneN) r6E LINT - 3S8L uojoid N

96/92/1L LIr IMSN

[(1S) spey] ssoq [eaoL
00009 0000S 0000 0000E 00002 0000L 0

[F[Xen vu00L i -03dg 8156 00) lonuey —v— (10

g Aueipend 0L |(d25600) 688 N/S —m—
ohebpO - wSN N Vo (256 90) 888 N/S @

" |eue1) - DMSN :Ag paisal To_ X% +9 |(8¥56 20) 295 N/S —o—|10S
a|be3 :WeIsAS 1591 ar (856 2a) 195 N/S —0—
s/(1S)pey | 91y 8s0Q (8¥56 20) YOS N/S —4—

I-suo1oid ASN-00Z :994n0S N0 seig nyis-uj (8456 00) €0S N/S —v— 0L
40N! :AMjoe 1591 (0€s600) 866 N/S —&—
96/9L/LL :93eqIsaL (Qes6 00) 566 N/S —o—

(s@d1n9( Bojeuy % [euonieN) r6ELINT - 3S8L uojoid N

96/92/LL 1Ir IMSN _”A_mv QUNN_”_ @WOQ _Nu.On_n

00009 0000S 0000+ 0000€ 00002 0000L 0

T T T T T mNn
A4
- mv ONI
F SL- o
>
52
F oL- 2
. <
- 2 o Om.n —
v 5
[F[XeW wu 001w -oods 956 50) lonuo) —y— |10
9 Auespend o M 256 onw 688 N/S —5—
- M—or 256 00) 888 N/S —@—
PKEPPOD - VSYN N
A & Ao | (8456 00) 295 N/S —e— [0S
B N e yeot ot 300 |(dvse 2a) 198 /S o
s/(1S)pey | :e3ey @soq 82+ M 756 on_w Y0S N/S —4—
- 002 vS6 00) £0S N,
N R ovi ooy | | mmamew | (822030) Goane & | 0"
96/9L/LL :@leqisal (0€s6 90) S66 N/S —©—
(se21n8( Bojeuy %9 [BUOHEN) M6E LWT — 331 UO304d NI st
96/92/L1 19 OMSN _”A_Wv WUNZH_ UmOQ _NHOF
00009 0000S 0000y 0000€ 00002 0000L 0
T T T T mNn
- ONI
- SL- o
Eo
F oL- 2
<
S

v

[F[*xeW vu oo_,\”u,..“_.m_“‘_.mwmw ; 8Y56 ow_v [02u0) —y—
: 4256 0Q) 688 N/S —=—
M o0 (@256 20) 888 N/S 0
Novs (856 20) 295 N/S —o—
o|be3 :weisAs 1sal A0l (§95620) L9S N/S —O—
s/(1S)pey | :e1ey 8soq (4v56 20) YOS N/S —A—
- lsuoioid ABW-002Z :22.n0S (8%56 0a) €0SN/S —v—
:Aujioeq 18] ANDUD Serg Ms-ul (QeS6 00) 866 N/S —&—

°1eQ 3s9L (QeS6 2a) S66 N/S —©—

(se21ne(Q Bofeuy %2 [euoneN) r6ELINT - 3S91 uoloid N

el
T

pPo9 - YSYN
auel) - JMSN :Ag paisa

(uojoad NIN-002)
dqj ‘seig jnduj "so

d - 6€LINT

101



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/92/1L LIr IMSN

[(1s) spey] ssoq [eroL

00009 0000S 0000+ 0000€ 00002 0000L omN

[F[*ew wu 0oL i -2ads 856 00) loauo) —v— [0
Q@ Aueipend o |(@es 0 s s =
_ 256 J0) 888 N/S —o—
P s VSV kg porsol N— /z\/r%w (dv56 20) 295 N/S —o—|40S

sjbe3 :weisAs 1591 T<9 oL (856 00) 19S N/S —©—
s/(1S)pey | :91ey 9soq a2+ (8756 00) ¥0S N/S —4—

I |su0101d ABW-002 :22In0S (8456 20) €0SN/S —v— 400 1L
Ao 1591 AN seig nyis-uj (Q€S6 20) 866 N/S —&—
:21eQ 159 (Q€S6 DA) S66 N/S —©—

(sed1n9 Bojeuy % [euoneN) r6E LINT - 3S8L uojoid N

96/92/1L LIr IMSN

[(1S) spey] ssoq [eaoL
00009 0000S 0000 0000E 00002 0000L 0

- ONI
- SL- ¢
32
- oL- 2
<
- - os- &

v >

FIxeW wu 0oL mwri -oadg 81756 0Q) (043U0) —w—

8 uepend w01 | (2256 20) 688 N/S —m—
DPOD - YSUN ﬁé%ﬁzf: (2256 20) 888 N/S ~©—
01 =

P
i - A \vo | (856 20) 295 N/S —o—|10S
oueo w,%quEEm»ﬂon% u_w_ (8¥56 00) 19S5 N/S —O—
s/(1S)pey | o1y 8soq 8et (8456 20) +0S N/S —A—
[-|su0101d ABW-002 :82In0S Wnouy seig nys-ul (856 2a) €0S N/S —v— (o]}

(€56 00) 866 N/S —&—
(Q€S6 00) S66 N/S —0—

(s@d1n9( Bojeuy % [euonieN) r6ELINT - 3S8L uojoid N

96/92/LL 1Ir DMSN

[(:S) spey] esoq |eroL
00009 0000S 0000+ 0000€ 00002 0000L 0

T T T T mNn
L p02-
- DSL- 4
32
r poL- =
<
+ ] 0S- £
v
[F[XeW vu 00l :uwr]-oads 8156 90) lonuc) —y— |10
9 Auespend o MNmmm unw 688 N/S —m—
‘ o1 |(d256D0) 888 N/S —@—
PEEPPOS - VSN W .o | (856 20) 295 N/S —e— |{0S
BB DN et "ot g W | (drse 20) 1es /S o
s/(IS)pey L :o1ey esoq 82+ (8¥56 2a) 0S N/S —A—
- lsuoi0id ABW-002Z :22.n0S (856 20) €0SN/S —v— 4001
FOE oA sei ms (0£56 2) 866 N/S —E—
96/91/L1 :®eQisal (Q€S6 2a) S66 N/S —©—
(se21ne( Bojeuy %9 [BUOREN) [6E LWT - 3SSL UOI0Ad NI st
96/92/L1 19 OMSN _”A_Wv WUNZU_ UmOQ _NHO|_|
00009 0000S 0000y 0000€ 00002 0000L 0
T T T T T mNn
- ONI
- SL- ¥
32
L oL- 2
<
L 0S- i)

[F[XeW vu 00l iwr] oeds 8156 00) |oaue) —v— |40
v aueipend oL MNNmm un_w 688 N/S 8
R\ o, | (2256 00) 888 N/S @
pleppoo - YSYN
5005 Yy rapmeen | | TS (B30 mmee oo

oo s el w2 (4756 50) bOSN/S &

- mcS\Q.w me_‘_oo.w “wu‘_;om (8¥56 00) €0SN/S —v— |00
Jnl A N0 seIg mats-ul (Q£S6 0a) 866 N/S —8—

96/91/LL ®1egisaL (0€S6 00) S66 N/S —©—

(se21ne(Q Bofeuy %2 [euoneN) r6ELINT - 3S91 uoloid N

(uojoid ASIN-002)
uqj ‘seig jnduj "6aN - 6ESLIN

102



Japybiysepm ayjp Joy AGojouyda] jo 1amogd ay} buissauiey

96

97

LTF OMSN

1(s) spey] asoq reror

00009 00008 0000% 0000€ 00002 00001

0

PN VU ST ] ‘oads (8756 00) 103u0D)

a auepend (2256 20) 688 N/S

PIUPPOD - VSVN (2256 DQ) 888 N/S
MBIy - AMSN. i pIsaL (8556 DQ) 795 N/S
o[feq waisks 1591, (8¥S6 DQ) 195 N/S
S/US)PRY | soney asoq (8556 DQ) 10S N/S
SU0I0IJ AJN-00T :9010§ (8S6 DQ) £0S N/S
4001 Ao 1891 (0£56 DQ) 866 N/S
96/91/11 A ISAL (0£56 DQ) S66 N/S

GALAGALA

96/9T/11

00009

(592149 Sofeuy 7 [euoneN) L6ETINT -~

L1 DMSN

[(S) spey] asoq ejoL

591, u0joIg NI

00008 0000% 0000€ 00002 00001

0
0¢-

N yu gz o] 2adg
g auepend)

PIEPPOD - VSVN
aue1) - DMSN :Ag passaL
d[eq wasAS 189,
S/IS)PRA 1 o 5o
SU0J0IJ AJN-00T :20IN0§
40Nt ®.] 1S9L
96/91/11 e ISAL

wnoa) serg mis-up

(8vS6 Q) 10nu0D)
(7256 DQ) 688 N/S
(2256 D) 888 N/S
(876 DQ) 795 N/S
(8956 0Q) 195 N/S
(8956 D) H0S N/S
(8956 D) €08 N/S
(0£56 D) 866 N/S
(0£56 D) $66 N/S

99944444

(29140 Sojeuy 29 [EUOnEN) LOETINT -~

1S9, uojo1g N|

Sy

[vu] 1

96/92/1

00009

L0 DMSN

1(s) spey] aseq reror,

00008 0000% 0000€ 00002

00001

0

%

—
=]
s
)
2z
. p— EEL
W VU ST i -ads (8156 D) 103U0) —p—
D suepend) (2256 0) 688 N/S —m—
— (2756 DQ) 888 N/S —@—
S - SMEN A6 PISAL (8956 00) T9SN/S —o—
313U woIshs 1831 ®rs600) 195NIS —o— | ] (¢
S/1S)pR | vy asoq (8756 D) $OS N/S —A—
SUOI01J AIWN-00T (990 (856 0A) £0SN/S —v—
; . 1591, (0£56 D) 866 N/S —&—
e 1S9L (0£56 D) 66 N/S —o—
sy
(s92149 Soeuy 7 [euoneN) LGETIAT -~ ISAL uojoid NI
DMSN
1@s) spey| asoq reror,
00008 0000% 0000€ 00007 00001 0
T T T T T
—
=]
3
T
>
. : a< —4st =
Xe VU ST 9ads (8556 D) 100U0) —g—
Vv uepend (2256 2Q) 688 N/S —@—
(2256 D) 888 N/S —@—
PIEPPOD - VSVN . c
aUBI) - OMSN :Ag paIsaL (8956 DQ) T9SN/S —o—
a[feq [wasAs 1saL, (8756 20) 195 N/S —— | 0€
SS)PRA | 1 9501 (8v56 2Q) $0S N/S —A—
SU010IJ ASW-00T :29IN0S nau sergl ms-up (86 DQ) £0S N/S —g—
A0N1 Ao 1oL, (0£56 DQ) 866 N/S —a—
96/91/11 9181 1831, (0£56 DQ) S66 N/S —&—
g

(59149 Sojeuy 79 [euONEN) LOETINT

JS9L, uojoIg N

(uojoad A®IN-002)
so| ‘3uaiingd 39s}0 - 6ELINT

UOISIAIQ J2)U2D) BIBLEAN BIELNS

103



Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

96/92/LL 171 DMSN _”A_WV Wwvﬁmu_ OwOD _Nu.on_n 96/92/LL 171 DMSN _”A_WV Wwvﬂmu_ OwOD _Nu.on_n
00009 00005 0000+ 0000€ 00002 0000L 0 00009 00005 0000+ 0000€ 00002 0000L 0
T T T T T O y T T T T T O y
(1] 1]
o o
o o
= g
- 1002 o B 1002 o
o o
- oor ¢ - oor ¢
2 2
o = .
z & F— &5 5 5 g
< <
- - 1009 = B P 1009 =
uanD JoN ] -03ds 8556 20) [01U0) —v— uanD JoN 3] -03ds 856 00) 1013U0) —y—
a ueipend ko, | (@256 20) 688 /S = o Aueipend 0k, | (@25690) 688 N/S =
pleppo - VYN N ! (2256 0a) 888 N/S —@— pheppos - VSwN Ol | (2256 00) 888 N/S —@—
SUBID) - DMSN :Ag peasal To_ xw\—fv 9 |(8v56 0a) 295 N/S —o— SUBID) - DMSN :Ag peasal v_%i\ 9 |(8pS6200) 295 N/S —©—
- albe3 :weIsAS 10| a2+ (856 00) 19S5 N/S <— (4008 - a|be3 :weIsAS 150 a2+ (8vS6 0a) 195 N/s - 4008
s/(1S)pey | :o3ey 9sog (856 20) ¥0S N/S —A— s/(Is)pey | :eley asog (856 20) ¥0S N/S —A—
SU030Jd ASW-002 :924n0S unou seig Mys-uj (8¥56 2a) €0S N/S —v— Su030Jd ASW-002 :924n0S ;N2 seig nis-uj (8¥56 20) €0S N/S —v—
Aoed 1591 (Q£56 00) 866 N/S —8— 40N *Aoed 3sa L (d£s6 00) 866 N/S —5—
:23eQ 1581 (Q€S6 20) 566 N/S —©— 96/9L/LL QoL (0€s690) S66 N/S —©—
(sed1n9 Bojeuy % [euoneN) r6E LINT - 3S8L uojoid N boot (se21n9( Bojeuy % [euonieN) r6ELINT - 3S8L uojoid N boot
96/92/LL 171 DMSN _”A_WV mvmﬂ_”_ UWOD _Nu.on_n 96/92/LL 171 DMSN _”A_WV mvaﬂ_”_ UWOD _Nu.on_n
00009 00005 0000+ 0000€ 00002 0000L 0 00009 00005 0000+ 0000€ 00002 0000L 0
T T T T T o y T T T T T o y
(1] (1]
o o
a a
a a
- 100¢ [ B 100¢ [
a a
L Lor £ - por £
_ g g
- e e
B UBAI9 JON 3w Aumam 856 Uﬁv [onuo) —w— Ioow = B USAI9 JON 3w Aumam Oow =
g :ueipend V_w\ﬁr M 266 Un_w 688 N/S —m— vV :ueipend o 688 N/S —m—
. oL (4256 00) 888 N/S —O— : Not 888 N/S 9
P ey TSN g porsol ol Wh-ve (@560 208 N/S o P ey TSN g porsol Ay Moo 295 N/S —o—
o a|be3 :waisAs 159 (856 20) 195 N/S —o— 4008 o a|be3 :waisAs 159 A0L 008
s/(1S)pey | :91ey asoq 8e* (8¥S6 00) YOS N/S —4— s/(1S)pey | :e1ey asoq 82+
5U0301d ASW-00Z 339405 WnouD seig nys-ul M MMM wmw me n“m e suoloid m\%komm_uhummm —
(Qes6 00) S66 N/S —e— 96/91/LL @1eQ1saL
0001 0001
(se21n8Q Bojeuy 7 [eUOREN) [6E LINT - 3591 U030 NI (se21n8Q Bojeuy 7 [euoleN) M6E LINT - 3591 Uoloid NI

(uojoid ASIN-002)
Aejoqg doid - 6ELINT

104



Jayybipiem ayp Joj AGojouyaa] Jo 1Mo ay} buissauley

96/97/11 LTf DMSN

1(s) spey] asoq 1eyor,

00009 00008 0000% 0000€ 0000C 00001 0
G-
T T T T T

= & @5 — & —8—=
Xe AW G i oadg (856 Q) 10110)
: —~
F a uepemd (zs6 0w 688 N/s —m— || €
PIEPPOD - VSVN (zzs6 DQ) 888 NS —@—
auB1y - JMSN A€ porsaL, (8rS6 00) T9SN/IS —e—
opfeq (WSS 1521 (8rS6 DQ) 19§ N/S —&—
s/(1S)pey 1 :orey asoq (856 DQ) POS N/S —A—
SU0J0IJ ADN-00T 120105 (8r$6 DQ) €0SN/S —v—
42N1 198 153 (0£56 DQ) 866 N/S —&—
96/91/11 e ISAL (0£56 D) S66 N/S —©—
o1
(s9149 Soeuy 2p [euoneN) LEETIAT - ISIL U0joud NI
96/9T/11 LI DMSN
[as) spey] asoq 130,
00009 00008 0000% 0000€ 00007 00001 0
-
T T T T T

- 5 & & & &—m

KON At A oads (86 DQ) 10U0) —g—

B g awepend (@256 00) 688N/S —m— |7 S
PIEPPOD) - VSYN (X786 0W) 888 N/S —@—
aue) - DMSN Ag paIsaL (876 D) T9SN/S —o—
aiFe waIsAg 191 (8956 0Q) 195 N/S —&—
S/(IS)PRA 001 23 350 (8756 D) P0S N/S —A—
SU0I0IJ ASN-00T :991n0§ (8756 D) €0S N/S —v—
4001 & (0£56 D) 866 N/S —B—
! (0£56 D) S66 N/S —@—

(U8

(s92149(] So[euy 2p [euonEN) LEETIN'T -~ ISAL U0joad NI

[Aw] A

[Aw] A

105

96/97/11 111 DMSN

[(1S) spey] 2soq [ero],

00009 0000S 0000% 0000€ 00007 00001 0
-
T T T T T

<
o
&
8
S
Xe AW G A 0adg (856 00) 1029U0) —yg—
| 5 Jueipend) (7256 D) 688N/S —m— [ §
i} (2756 D) 888 N/S —@—
E.Hﬁwuwwwﬂ P (8756 2A) T9S N/S —o—
T o0 1Ny 2
SS)PRY | ey asoq bt
SU0101d ASA- 20mog ANMWM WMV me nm -V
4001 e 151, e
9, e IsaL (0£$6 DA S66 N/S ——
or
(5921491 Soeuy 7 [euoneN) L6ETIAT -~ ISL uojoad NI
96/9T/11 LI DMSN
e [@s) sped] asoq rwsor,
00009 00008 0000% 0000€ 00002 00001 0
T T T T T s
r A— & ¢ ™
— — § — %% —s— &= -
0\\\0‘\\0\\010\|\0¥\Q )
Z
e — ® '3 e o o o N
AN AW ] “adg (8156 D) 10U0D) —y— -
- v aueipend (2256 0) 688N/ —m— [ €
oo - (2756 DA) 888 N/S —@—
Doy - oo kg porsoL. (856 Q) T9SN/S —o—
R (s (8756 DA) 195 NIS —o—
i waIsAS 1591
SOSIPR 1 0wy 950 (8756 00) $0SNIS —A—
SUOJ0IJ ADIN-00T :20IN0S (8956 D) £0S N/S —v—
e (0£56 D) 866 N/S —B—
21 s (0£56 D) S66N/S ——
o1

(s99149( Boeuy 29 [eUoOnEN) LEETIAT -~ ISIL U0joud N

UOISIAIQ J2)U2D) BIBLEAN BIELNS

(uojoid APN-002)
SO ‘©be}|oA 39530 - 6ELINT




@ Jajybipiem ayp Joj AGojouyaa] Josomod ay} buissauley

96/9T/11 L1t DMSN [(1S) spey] 3so( BIoL

00009 0000s 0000¥ 0000¢ 0000T 00001 0
0
I I I I I

o
=
w»
i 1z %
>
e
Xe w7y -0ad
W viie E.:E 08 (8¥S6 DA 100U0D)
VvV ueipend)
(776 DA 688 N/S —m—
PIEPPOD) - VSYN (2256 DA) 888 N/S —@— ¢
B ouBI) - DMSN A€ parsaL (8YS6 DA 79S N/S —o— |
o[Seq :woISAS 19T, (8¥S6 D@ T19S N/S —O—
s/(1IS)pey | ey 9so( (8¥S6 D) HOS N/S —A—
SU00Id ASN-00C :29In0S 1NoIY) serg mIs-uj (8¥S6 D@ €0S N/S —v—
d0NI Ao 1891, (0€S6 D@ 866 N/S —&—
96/91/11 =1_A AL (0€56 D) S66 N/S —O—
1%

(899149 So[euy 2 [eUONEN) LEETIAT - ISAL U0)0Ig N]

UOISIAI] Jajua] BIEUEM SIELNS

(uojoid APIN-002)
sd] ‘Juaiing Ajddng szamod - 6SLINT

106



2

Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

e}ep 9661 Wodj Z0ozZ Ul pajeald sydelo
eje@ uoJlnapN juajeAinba AN L

6€LINT PUE S10D VCLINT

107



V2

Japybiyiepm ayjp Joy AGojouyda] Jojamod ay} buissauiey

(,,01X) @so@ uoanaN ‘Ainb3 AN |
00¢€ 0S¢ 00¢C 0s1 001 0S

09 0=w
8Go=wW

v6'0 =W

uonepelbap Jo ajel Jo
)} Jesuy| si (w) adojg

(Ssse|Q) PZLINT —A—
(¥26620Q) ¥ZLNT —w—
(zze600Q) 6ELNd —m—
(0£6620Q) 6ELNT —@—

Go'L=w

001

00¢

00€

00t

00S

(vu) g1 oAV

(uosynaN "AInb3 ASIN-1)
seig jnduj] aA1}I1SOd pobeiaay

UOISIAIQ J2)U2D) BIBLEAN BIELNS

108



2

Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

Aor
00 052

00¢

0G1

0LX ) @so@ uoJainaN ‘AInb3 A9 L

001 0G

(S sse|D) vZLINT —A—
(#2596 0Q) ¥ZLNT —w—
(Z2s6 0Q) 6ELND —m—
(0£56 0Q) BELNT —@—

AVG IOS (nA)

uoISIAIQ Jajua] aJEMEN) BOBUNS

(uosynaN "AInb3 ASIN-L)
Juasing }9sHO pabeiaay

109



@ Jajybiysepm ayjp oy Abojouyda] Jo samogd ay} buissauey

A.:cto 9s0( uoJa3naN ‘AlInb3g AN L
00€ 06¢ 00¢ (1}°7 % 00l 0G 0
I S S W (N S U T S KN S S R S S S S R S ST ch

(S sse|D) vZLINT —A—
(b2S6 0Q) YZLINT —w—

(Z2s6 0Q) 6ELIND —m— -
(0£56 0Q) 6ELNT —@— | | <
00 @
! O
®
o
<
ooy —
Vo=
i
(o]
‘ g
- 00S S
S
K
009

UOISIAI(Q] J8jua)) alelE) 20BUNS

(uosynaN "AInb3 ASIN-1)
ARejoqg aAnIsod pobeiony

110



2

Jajybiyiepm ayj 404 AGojouyda] jo 1amogd ay} buissauiey

00€

o1
052 00z 0SL 00l

0LX) @soq uoJinapN ‘Ainbg AOIN L

0G

(ssse|n
(¥zs6 04

(0gs6 04

) VZLNT —A—
YZLNT —w—

)
(zzs6 0Q) 6SLINd —B—
)

6ELNT —@—

- 60

01
gl
L0z

(AW) SOA DAV

(uoasynaN "Ainb3 ASN-1)
abe}|oA 19S30O pabeiaay

UOISIAI] Jajua] BIEUEM SIELNS

111



@ Jajybipiem ayp Joj AGojouyaa] Josomod ay} buissauley

(,,01X) @soq uonnaN "Ainb3 ASIN |
00€ 0S¢ 002 0S1 00l 0S 0
[ N R R A °.°

l/ﬁ/-/l S0
‘ >
i <
! ®
[ . qv
- 0L n )
i +
‘ 3
| >
(S sse|D) vZLINT —A— i sl
(P2G6 2Q) YZLNT —w—
(2es6 0Q) 6SLINd —m—
(0eg6 0Q) 6ELNT —@— | |
0¢

UOISIAI] Jajua] BIEUEM SIELNS

(uosynaN "AInb3 ASIN-1)
juasing Ajddng "sod pobeiany

112



V.

Japybiysepm ayjp Joy ABojouyaa] Jo Jamogd ay} buissauiey

(,,01X) @so@ uoasnaN ‘Ainb3 AN |
00€ 0S¢ 00¢C 0S1 00l 0S 0

(S sse|) vZLINT —A—
(b2S6 0Q) ¥ZLNT —w— | [
(22Ge6 0A) 6ELIND —m—
(0£96 0Q) 6ELNT —@—

(vw) — dSI DAV

(uoa3naN "AInbg ASIN-L)
juaaing Ajddng "6aN pabeiany

UOISIAIQ J2)U2D) BIBLEAN BIELNS

113



2

Jajybiysem ayp Joy AGojouyaaj jo 1amod ay} buissauiey

(,,01X ) @soQg uoanaN "AlInb3 ASIN |
00€ 0S¢ 00¢ 0S1 00l 0S

(S sse|Q) yZLINT —A—
(#2556 0Q) ¥ZLNT —w—
(226 0Q) 6ELND —m—
(0£56 0Q) BELINT —@—

- 0l

- OF

14

AVG lol (mA)

(uosynaN "AInb3 ASIN-1)
MO Judiingd jndinQ pabeiaay

uoISIAIQ Jajua] aJEMEN) BOBUNS

114



10.

I1.

REFERENCES

. Nowlin, R.N.; Enlow, E.N.; Schrimpf, R.D.; and Combs, W.E.: “Trends in the Total-Dose Response

of Modern Bipolar Transistors,” IEEE Trans. Nucl. Sci., Vol. 39, No. 6, pp. 2026-2032, December
1992.

. McClure, S.; Pease, R.L.; Will, E.; and Perry, G.: “Dependence of Total Dose Response of Bipolar

Linear Microcircuits on Applied Dose Rate,” IEEE Trans. Nucl. Sci., Vol. 41, No. 6, pp. 2544-2549,
December 1994.

. Beaucour, J.T.; Carriere, T.; Gach, A.; et al.: “Total Dose Effects on Negative Voltage Regulator,”

IEEE Trans. Nucl. Sci., Vol. 41, No. 6, pp. 2420-2426, December 1994.

. Johnston, A.H.; Rax, B.G.; and Lee, C.I.: “Enhanced Damage in Linear Bipolar ICs at Low Dose

Rates,” IEEE Trans. Nucl. Sci., Vol. 42, No. 6, pp. 1650-1659, December 1995.

. Fleetwood, D.M.; Riewe, L.C.; Schwank, J.R.; et al.: “Radiation Effects at Low Electric Fields in

Thermal, SIMOX, and Bipolar Base Oxides,” IEEE Trans. Nucl. Sci., Vol. 43, No. 6, pp. 2537-2543,
December 1996.

. Pease, R.L.; Cohn, L.M.; Fleetwood, D.M.; et al.: “A Proposed Hardness Assurance Test Methodology

for Bipolar Linear Circuits and Devices in a Space Ionizing Radiation Environment,” IEEE Trans.
Nucl. Sci., Vol. 44, No. 6, pp. 1981-1987, December 1997.

. Montagner, X.; Briand, R.; Fouillat, P.; et al.: “Dose-Rate and Irradiation Temperature Dependence

of BJT SPICE Model Rad-Parameters,” IEEE Trans. Nucl. Sci., Vol. 45, No. 3, pp. 1431-1437, June
1998.

. Schmidt, D.M.; Fleetwood, D.M.; Schrimpf, R.D.; et al.: “Comparison of Ionizing-Radiation-Induced

Gain Degradation in Lateral, Substrate, and Vertical PNP BJTs,” IEEE Trans. Nucl. Sci., Vol. 42,
No. 6, pp. 1541-1549, December 1995.

. Johnston, A.H.; Rax, B.G.; and Lee, C.I.: “Enhanced Damage in Linear Bipolar ICs at Low Dose

Rates,” IEEE Trans. Nucl. Sci., Vol. 42, No. 6, pp. 1650-1659, December 1995.

Fitus, J.; Combs, W.; Turflinger, T.; et al.: “First Observations of Enhanced Low Dose Rate Sensitivity
(ELDRS) in Space: One Part of the MPTB Experiment,” IEEE Trans. Nucl. Sci., Vol. 45, pp. 2673—
2680, December 1998.

Titus, J.; Emily, D.; Krieg, J.; et al.: “Enhanced Low Dose Rate Sensitivity (ELDRS) of Linear Circuits
in a Space Environment,” IEEE Trans. Nucl. Sci., Vol. 46, pp. 1608—1615, December 1999.

115



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

116

“Test Method 4001,” MIL-STD-883, Rev. E.

August, L.S.; Circle, J.C.; Ritter, J.C.; and Tobin, J.S.: “A MOS Dosimeter for Use in Space,” IEEE
Trans. Nucl. Sci., Vol. 30, pp. 508-511, Feburary 1983.

Dyer, C.; Truscott, P.; Sanderson, C.; et al.: “Radiation Environment Measurements From
CREAM and CREDO During the Approach to Solar Maximum,” IEEE Trans. Nucl. Sci., Vol. 47,
pp. 2208-2217, December 2000.

Dyer, C.; Sanderson, C.; Mugford, R.; et al.: “Radiation Environment of the Microelectronics and
Photonics Test Bed as Measured by CREDO-3,” IEEE Trans. Nucl. Sci., Vol. 47, pp. 481-485,
June 2000.

Stassinopoulos, E.G.; Van Gunten, O.; Brucker, G.J.; et al.: “Radiation Effects on MOS Devices:
Dosimetry, Annealing, Iradiation Sequence and Sources,” IEEE Trans. Nuc. Sci., Vol. 30, No. 3,
pp. 1880-1884, June 1983.

Brucker, G.J.; Stassinopoulos, E.G.; Van Gunten, O.; et al.: “The Damage Equivalence of Electrons,
Protons and Gamma Rays in MOS Devices,” IEEE Trans. Nuc. Sci., Vol. 29, No. 6, pp. 1966—1969,
December 1982.

August, L.S.: “Estimating and Reducing Errors in MOS Dosimeters Caused by Exposure to Different
Radiations,” IEEE Trans. Nuc. Sci., Vol. 29, No. 6, pp. 2000-2003, December 1982.

Dyer, C.S.; Sims, A.J.; Truscott, PR.; et al.: “Measurements of the Radiation Environment From LEO
to GTO Using the CREAM & CREDO Experiments,” IEEE Trans. Nuc. Sci., Vol. 42, No. 6, pp. 1975—
1982, December 1995.

Dyer, C.S.; Truscott, P.R.; Peerless, C.L.; et al.: “Updated Measurements From CREAM and CREDO
and Implications for Environment and Shielding Models,” IEEE Trans. Nuc. Sci., Vol. 45, No 3,
pp. 1584—1589, June 1998.

Dyer, C.; Comber, C.; Truscott, P.; et al.: “Microdosimetry Code Simulations of Charge Deposition
Spectra, Single Event Upsets and Multi-bit Upsets,” IEEE Trans. Nucl. Sci., Vol. 46, pp. 14861493,
December 1999.

Buchner, S.; Campbell, A.; Meehan, T.; et al.: “Investigations of Single-Ion Multiple Bit Upsets in
Memories On Board a Space Experiment,” IEEE Trans. Nucl. Sci., Vol. 47, pp. 705-711, June 2000.

Dyer, C.S.: “Radiation Effects on Spacecraft and Aircraft,” Proc. SOLSPA, ESA SP—477, pp. 505-512,
March 2002.

Campbell, A.; Buchner, S.; Petersen, E.; et al.: “SEU Measurements and Predictions on MPTB for a
Large Solar Event,” Proc. RADECSO01; IEEE Trans. Nucl. Sci., Vol. 49, pp. 1340-1344, June 2002.



25.

26.

27.

28.

29.

30.

31.

32.

Dyer, C.; Rodgers, D.; Clucas, S.; et al.: “Observation of Solar Particle Events From CREDO and
MPTB During the Current Solar Maximum,” Presented at the 2002 IEEE NSREC, Oral Paper B4,
Phoenix, AZ, July 15-19, 2002; IEEE Trans. Nucl. Sci., accepted December 2002.

Blake, J.B.; Baker, D.N.; Turner, N.; et al.: “Correlation of Changes in the Outer-Zone Relativistic-
Electron Population With Upstream Solar Wind and Magnetic Field Measurements,” Geophys. Res.
Letts., Vol. 24, No. 8, pp. 927-929, April, 15 1997.

Fennell, J.F.; Koons, H.C.; and Blake, J.B.: “A Deep Dielectric Charging Environmental Specification
for Geosynchronous and HEO/MOLNIYA Satellites,” in 1999 Government Microcircuit Applications
Conference (GOMAC) Digest, pp. 823—826, March 1999.

Fennell, J.F.; Koons, H.C.; Chen, M.W.; and Blake, J.B.: “Internal Charging: A Preliminary
Environmental Specification for Satellites,” IEEE Trans. Plasma Sci., Vol. 28, No. 6, pp. 2029-2036,
December 2000.

Fennell, J.F.; Roeder, J.L.; Freidel, R.; et al.: “Open Field Line Region Boundary at High Altitudes,”
Phys. and Chem. of Earth, Vol. 24, pp. 129—-134, 1999.

Fennell, J.F.; Blake, J.B.; Roeder, J.L.; et al.: “Tail Lobe and Open Field Line Region Entries at Mid
to High Latitudes,” Adv. Space Res., Vol. 20, pp. 431-435, 1997.

Fennell, J.F.; Koons, H.C.; Roeder, J.L.; and Blake, J.B.: Spacecraft Charging: Observations
and Relationship to Satellite Anomalies, Proceedings of 7th Spacecraft Charging Technology
Conference, ESA SP—476, p. 279, November 2001.

Mazur, J.E.: “The Radiation Environment Outside and Inside a Spacecraft,” Section II of “Radiation

Effects—From Particles to Payloads,” 2002 IEEE NSREC Short Course Notebook, pp. 1-69,
July, 2002.

117



REPORT DOCUMENTATION PAGE P e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operation and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
August 2004 Technical Publication
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Solar Variability and the Near-Earth Environment—Mining Enhanced
Low Dose Rate Sensitivity Data From the Microelectronics
and Photonics Test Bed Space Experiment

6. AUTHORS

T. Turflinger, W. Schmeichel, J. Krieg, J. Titus, A. Campbell,*
M. Reeves,* and P. Marshall**

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

NAVSEA Crane

300 Highway 361

Crane, IN 47522 M-1120

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

NASA'’s Space Environments and Effects (SEE) Program AGENCY REPORT NUMBER

George C. Marshall Space Flight Center NASA/TP—2004-213339

Marshall Space Flight Center, AL 35812

11. SUPPLEMENTARY NOTES
Prepared for NASA’s Space Environments and Effects (SEE) Program by NAVSEA Crane
*Naval Research Laboratory, Washington, DC  **Virginia
Technical Monitor: Donna Hardage, NASA Marshall Space Flight Center

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified-Unlimited

Subject Category 93
Available: 301-621-0134

13. ABSTRACT (Maximum 200 words)

This effort is a detailed analysis of existing microelectronics and photonics test bed satellite data from one
experiment, the bipolar test board, looking to improve our understanding of the enhanced low dose rate
sensitivity (ELDRS) phenomenon. Over the past several years, extensive total dose irradiations of bipolar
devices have demonstrated that many of these devices exhibited ELDRS. In sensitive bipolar transistors,
ELDRS produced enhanced degradation of base current, resulting in enhanced gain degradation at dose
rates <0.1 rd(Si)/s compared to similar transistors irradiated at dose rates >1 rd(Si)/s. This Technical
Publication provides updated information about the test devices, the in-flight experiment, and both
flight-and ground-based observations. Flight data are presented for the past 5 yr of the mission. These data
are compared to ground-based data taken on devices from the same date code lots. Information about
temperature fluctuations, power shutdowns, and other variables encountered during the space flight are
documented.

14. SUBJECT TERMS 15. NUMBER OF PAGES
ELDRS, total dose, sensitivity, radiation, irradiation, bipolar devices, 132
degradation 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18
298-102





